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In den letzten Jahren erhielt die Forschung an Fettgewebe in Hinblick auf die 
Modulation adipositasassoziierter Erkrankungen zunehmende Aufmerksamkeit. Bereits seit 
Langem ist bekannt, dass weißes Fettgewebe als Speicher-, Bau- und Isolierfett dient (Welsch 
2014). Es besitzt die Fähigkeit, Energie in Form von Triazylglyzerol zu speichern 
(Lipogenese) und diese gespeicherte Energie bei Bedarf wieder abzugeben (Lipolyse). Dies 
stellt einen ursprünglichen Mechanismus dar, der das Überleben in nahrungsarmen Zeiten 
gewährleisten soll und findet hauptsächlich in den Fettzellen, den sogenannten Adipozyten, 
statt (Ducharme and Bickel 2008, Saponaro et al. 2015). Sie haben je nach Lipideinlagerung 
eine Größe von bis zu 120 µm und sind univakuolär, d.h. sie besitzen eine große, zentral 
gelegene Lipidvakuole (Welsch 2014). Diese Vakuole kann bis zu 90% des Zellvolumens 
einnehmen und drängt somit den Zellkern und das Zytoplasma an den Rand (Frühbeck et al. 
2001). Durch die Variabilität des Lipidgehaltes ist Fettgewebe als Organ durch ein hohes Maß 
an Plastizität gekennzeichnet. Es macht beim gesunden Menschen ca. 15-20% des 
Körpergewichtes aus. Sein Anteil kann jedoch bis zu 80% des Körpergewichts bei adipösen 
Menschen erreichen (Thompson et al. 2012). Dabei verändert sich während einer Gewichtszu- 
bzw. -abnahme im adulten Menschen eher die Größe der Adipozyten als deren Anzahl, 
welche bereits in Kindheit und Jugend festgelegt wird (Kissebah and Krakower 1994).  
Mit der Entdeckung von Leptin im Jahr 1994 erweiterte sich das bisherige Wissen über 
weißes Fettgewebe. Seitdem ordnet man ihm zusätzlich die Funktion eines endokrinen Organs 
zu (Zhang et al. 1994). Es produziert und sezerniert viele bioaktive Peptide, die man auch als 
Adipokine bezeichnet. Zudem werden im Fettgewebe zahlreiche Rezeptoren für Hormone, 
Zytokine und Wachstumsfaktoren exprimiert, die eine Kommunikation mit traditionellen 
Hormonsystemen und dem Zentralnervensystem (ZNS) erlauben (Kershaw and Flier 2004). 
An diesen Vorgängen sind nicht nur die Adipozyten sondern auch weitere Zellen des 
Fettgewebes beteiligt. Hierzu zählen Nervenzellen, Fibroblasten, Präadipozyten, Endothel- 
und verschiedenste Immunzellen (Kershaw and Flier 2004). 
Leptin ist eines der mit dem ZNS interagierenden Peptide und bindet unter anderem an 
Rezeptoren im Nucleus arcuatus des Hypothalamus. Als sogenanntes Sättigungshormon 
hemmt es das Hungergefühl und reguliert somit indirekt den Fettstoffwechsel. Bei fettleibigen 
Menschen ist die Sensitivität gegenüber diesem Hormon gestört. Die Folge ist eine 
Leptinresistenz, durch die das Sättigungsgefühl vermindert sein kann (Brennan and 
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Mantzoros 2006). Als weitere wichtige Adipokine sind beispielsweise auch Adiponektin, 
Resistin, Retinol Binding Protein 4 (RBP4), Visfatin, Interleukin-6 (IL-6) und Tumor 
Necrosis Factor α (TNF-α) zu nennen. Adipokine tragen zur Regulation peripherer Gewebe 
und Organe, wie Hypothalamus, Pankreas, Leber, Skelettmuskulatur, Herz und des 
Immunsystems bei (Fasshauer and Blüher 2015). 
Zu erwähnen ist neben dem weißen Fettgewebe auch das braune Fettgewebe. Die 
Unterschiede zwischen beiden liegen sowohl in der Morphologie der Adipozyten als auch in 
der Funktion des Gewebes. Braunes Fettgewebe kommt beim Menschen überwiegend im 
Neugeborenenalter vor und dient hier der kälteinduzierten Thermogenese durch 
Fettsäureoxidation. Diese wird durch eine hohe Anzahl an Mitochondrien in den Fettzellen 
gewährleistet, die dem Gewebe durch ihren Gehalt an Zytochromen die braune Farbe 
verleihen. Die Adipozyten sind mit ca. 30 µm wesentlich kleiner als die des weißen 
Fettgewebes und haben mehrere Lipidvakuolen, weshalb man sie auch als plurivakuolär 
bezeichnet (Welsch 2014). Die Speicherung von Energie in Form von Lipiden und deren 
Bereitstellung für andere Zellen spielt hier eher eine untergeordnete Rolle (Ahima and Flier 
2000). Im Laufe des Lebens verschwinden die Depots an braunem Fettgewebe weitgehend, 
sodass braunes Fett im Erwachsenenalter größtenteils nur noch in der Achselhöhle und am 
Hals vorkommt (Cypess et al. 2013). 
Neuste Erkenntnisse zeigen, dass es neben braunem und weißem noch eine weitere 
Form des Fettgewebes gibt. Es entsteht in einem Prozess, den man Browning nennt. Dabei 
wandeln sich weiße Adipozyten, z.B. als Reaktion auf Kälte oder unter Hormoneinfluss, in 
Fettzellen um, die annähernd die Morphologie und Funktion von braunem Fettgewebe 
besitzen (Cinti 2009). 
1.2. Krankhafte Expansion des Fettgewebes 
Unsere moderne Welt birgt ein großes Risiko des ständigen Überangebots an 
Nährstoffen sowie des Bewegungsmangels. Hierdurch kommt es immer häufiger zum 
Ungleichgewicht an Energiezufuhr und –verbrauch. Über Jahre hinweg kann dieser Umstand 
zu einer abnormalen und krankhaften Akkumulation des Fettgewebes führen (Spiegelman and 
Flier 2001). Die Expansion des Fettgewebes kann sowohl durch das Wachstum der 
vorhandenen Adipozyten (Hypertrophie) als auch durch den Anstieg der Adipozytenzahl 
(Hyperplasie) entstehen (Joe et al. 2009, Wang et al. 2013). Für die Entwicklung einer 
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krankhaften Fettgewebeexpansion können zudem genetische Faktoren verantwortlich gemacht 
werden (Marti et al. 2008).  
Laut Weltgesundheitsorganisation hat sich die Prävalenz der Adipositas seit dem Jahr 
1980 weltweit verdoppelt. Im Jahr 2014 waren, global gesehen, bereits 39% der Erwachsenen 
als übergewichtig und 13% als adipös zu verzeichnen. Somit leiden rund 600 Millionen 
Menschen an Adipositas und deren Folgen. Auch die steigende Zahl an Kindern unter fünf 
Jahren mit Übergewicht und Adipositas ist mit schätzungsweise 41 Millionen erschreckend. 
Dem Anstieg übergewichtiger und adipöser Menschen und den damit einhergehenden 
Krankheitsbildern werden mittlerweile mehr Todesfälle zugeschrieben als den Folgen der 
Mangelernährung (WHO 2017).  
Zur Bewertung von Übergewicht und Adipositas nutzt man den so genannten Body 
Mass Index (BMI). Der BMI berechnet sich aus der Division des Körpergewichts (in kg) und 
des Quadrats der Körpergröße (in m). Ein BMI ≥25 kg/m2 definiert dabei Übergewicht, 
während ein BMI ≥30 kg/m2 mit Adipositas gleichgesetzt wird. Mit steigendem BMI erhöht 
sich auch das Risiko zahlreicher Erkrankungen. Hierzu zählen u.a. Herz-Kreislauf-
Erkrankungen, Schlaganfall, Osteoarthritis, einige Krebsarten sowie Diabetes mellitus Typ 2 
(WHO 2017). Zudem stellen adipositasassoziierte Krankheiten aufgrund der hohen Kosten ein 
wachsendes Problem für das Gesundheitswesen dar (Kopelman 2007). Somit ist es von 
enormer Wichtigkeit, die Physiologie des Fettgewebes sowie die pathologischen Prozesse, die 
zur Adipositas- und Diabetesentwicklung beitragen, besser zu verstehen. 
1.3. Adipositas und Insulinresistenz 
Die Entwicklung einer Insulinresistenz, als wichtigstes Merkmal des Diabetes mellitus 
Typ 2, stellt die stärkste Korrelation zu Adipositas dar. Diabetes mellitus Typ 2 äußert sich 
durch einen zu hohen Blutglukosespiegel, der sogenannten Hyperglykämie (Kerner et al. 
2014) . 
Insulin ist ein Hormon, das von den ß-Zellen des Pankreas produziert und sezerniert 
wird. Es bindet an Rezeptoren verschiedenster Zielzellen, zu denen auch die Adipozyten 
gehören. Im Fettgewebe fördert es dadurch die Differenzierung von Fettzellen und 
unterdrückt die Lipolyse durch Hemmung von Lipasen (Duncan et al. 2007). Zudem wird die 
Fettdepotexpansion durch die Synthese und Einlagerung von Triazylglyzerolen stimuliert 
(Madsen and Kristiansen, 2010). 
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Durch die Rezeptorbindung des Insulins wird eine komplexe Signalkaskade aktiviert, 
die zur Aufnahme von Glukose in die Zelle führt. Die Insulinbindung bewirkt, dass der 
Glukosetransporter 4 (GLUT4), der im Ruhezustand in intrazellulären Vesikeln vorliegt, zur 
Plasmamembran transloziert wird (Schenk et al. 2008). Bei Diabetes mellitus Typ 2 kommt es 
in Folge ständig erhöhter Nahrungs- und somit Energiezufuhr zur gesteigerten 
Insulinausschüttung. Daraus resultiert eine Verschlechterung der Insulinsensitivität bis hin zur 
Insulinresistenz. Im frühen Stadium kompensieren die β-Zellen des Pankreas den gestörten 
Mechanismus der GLUT4-Translokation durch eine Erhöhung ihrer Masse und eine 
vermehrte Insulinproduktion (Steil et al. 2001, Liu et al. 2002). Dies führt später allerdings 
häufig zum Untergang der β-Zellen und somit zum Insulinmangel, sodass die Blutglukose 
nicht mehr in die Zellen aufgenommen werden kann (Butler et al. 2003).  
Zusätzlich wird die Insulinsensitivität durch freie Fettsäuren (Free Fatty Acids, FFA) 
negativ beeinflusst. In der frühen Phase der Adipositas sind die Fettzellen noch in der Lage, 
die gesteigerte Energie in Form von Lipiden zu speichern. Mit zunehmender Expansion des 
Gewebes verlieren sie jedoch diese Fähigkeit und geben die Lipide in Form von FFAs frei, 
welche sich in der Leber und im Muskelgewebe ansammeln und lokal die Insulinsensitivität 
verschlechtern (Belfort et al. 2005, Wei et al. 2006). Weiterhin wird die Glukosehomöostase 
während der Entwicklung einer Adipositas durch den im Fettgewebe entstehenden 
Sauerstoffmangel (Hypoxie), der durch eine gestörte Neovaskularisierung entsteht, 
beeinträchtigt (Hosogai et al. 2007). 
Als Folge der Insulinresistenz und des Diabetes mellitus Typ 2 ergibt sich ein erhöhtes 
Risiko der Entwicklung von Bluthochdruck, Herzerkrankungen, Nierenschädigungen, 
Schlaganfall, diabetischer Retinopathie sowie Atherosklerose (WHO 2017). Laut der 
International Diabetes Foundation (IDF) stirbt alle 6 Sekunden ein Mensch an den Folgen 
von Diabetes mellitus Typ 2 (IDF 2015). 
1.4. Insulinresistenz und Fettgewebeentzündung 
Neben den Adipozyten enthält Fettgewebe auch zahlreiche Zellen des Immunsystems, 
deren Anzahl, Funktion und Aktivität sich bei der Entwicklung einer Adipositas und 
Insulinresistenz ändert. Diese Veränderungen betreffen vorwiegend die viszeralen Fettdepots 
und unterliegen wahrscheinlich einer direkten Regulation durch hypertrophe Adipozyten (Huh 
et al. 2014). 
7
Bereits vor ca. 25 Jahren beobachteten Wissenschaftler eine Verschlechterung der 
Hyperglykämie nach Substitution des pro-inflammatorischen Zytokins TNF-α und vermuteten 
somit einen Zusammenhang von Fettgewebeentzündung und Insulinsensitivität (Grunfeld and 
Feingold 1991). Den ersten konkreten Beweis für eine adipositasinduzierte Entzündung des 
Fettgewebes lieferten Hotamisligil et al. mit der Erkenntnis eines erhöhten Gehalts an TNF-α 
in adipösen Nagern und einer verbesserter Insulinresistenz durch die Neutralisation dieses 
Zytokins (Hotamisligil et al. 1993). Eine weitere Studie zeigte eine gesteigerte 
Insulinsensitivität in TNF-α-defizienten Mäusen nach einer diätinduzierten Adipositas (Uysal 
et al. 1997). Seither haben eine Vielzahl weiterer Veröffentlichungen beweisen können, dass 
Adipositas zu einer Erhöhung inflammatorischer Faktoren im weißen Fettgewebe führt und 
somit eng mit der Entstehung einer chronischen Entzündung zusammenhängt (Yuan et al. 
2001, Weisberg et al. 2003).  
Im Gegensatz zu Fettgewebe adipöser Patienten finden sich im Fettgewebe schlanker 
Individuen zahlreiche anti-inflammatorische Zellen, die zur Aufrechterhaltung der 
Insulinsensitivität beitragen. Hierzu zählen M2-Makrophagen, regulatorische T-Zellen und 
eosinophile Granulozyten. Letztere nehmen einen relativ großen Teil der Immunzellen ein 
und sezernieren IL-4, welches durch die Modulation der Makrophagenfunktion die 
Insulinsensitivität positiv beeinflusst (Wu et al. 2011). Zudem ist eine Vielzahl 
regulatorischer T-Zellen im gesunden Fettgewebe zu finden, die u.a. die Migration pro-
inflammatorischer Makrophagen unterdrücken (Feuerer et al. 2009, Winer et al. 2009).  
Durch die krankhafte Expansion des Fettgewebes kommt es zu einer veränderten 
Konstellation der Immunzellen. Die Anzahl an eosinophilen Granulozyten und 
regulatorischen T-Zellen nimmt ab, wohingegen die Zahl der B-Zellen steigt. Dieser Anstieg 
wiederum führt zur Aktivierung von CD4+ TH1-Zellen und CD8+ T-Zellen, die 
wahrscheinlich den Gehalt an Makrophagen beeinflussen und eine Insulinresistenz fördern 
(Winer et al. 2009, Nishimura et al. 2009).  
In vivo zeigt sich somit eine sehr komplexe Regulation der verschiedenen 
Immunzelltypen, die letztendlich alle einen Effekt auf die Polarisierung, Rekrutierung und 
Aktivierung von Fettgewebemakrophagen haben. Somit spielen diese die wohl bedeutendste 
Rolle bei der adipositasinduzierten Entzündung des Fettgewebes. 
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1.5. Fettgewebemakrophagen 
Makrophagen sind Zellen des angeborenen Immunsystems, die die Fähigkeit besitzen, 
Bestandteile sterbender Zellen durch Phagozytose aufzunehmen und zu verdauen. Weiterhin 
sind Makrophagen durch die Produktion und Ausschüttung von Zytokinen an der Steuerung 
immunologischer Reaktionen beteiligt. Makrophagenpopulationen sind durch eine hohe 
Heterogenität gekennzeichnet und werden zur vereinfachten Darstellung oft in klassisch (M1) 
und alternativ aktivierte (M2) Makrophagen unterteilt (Mantovani et al. 2004).  
Der Aktivierungsstatus der Makrophagen lässt sich durch pro- und anti-
inflammatorische Faktoren beeinflussen. Dabei stimulieren pro-inflammatorische Zytokine, 
wie TNF-α und Interferon-γ (IFN-γ), oder Lipopolysaccharid (LPS), als Bestandteil der 
Bakterienmembran, eine Polarisierung in Richtung M1-Phänotyp (Martinez and Gordon 
2014). Charakteristisch für M1-Makrophagen sind die Expression des Oberflächenmarkers 
CD11c sowie die Sekretion von pro-inflammatorischen Zytokinen. Zudem produzieren sie 
reaktive Sauerstoffradikale (Reactive Oxygen Species, ROS) und Stickstoffintermediate 
(Lumeng et al. 2007, Lumeng et al. 2008). Eine M2-Polarisierung hingegen führt zur 
Freisetzung von anti-inflammatorischen Zytokinen, einer hohen Expression von Arginase 1 
(Arg1) und der Expression der Zelloberflächenmarker CD206 und CD301 (Lumeng et al. 
2007). Die alternative Aktivierung wird durch TH2-Zytokine, wie IL-4 und IL-13, stimuliert 
und trägt zur Aufrechterhaltung der Gewebehomöostase bei. Des Weiteren sind M2-
Makrophagen an Umbauprozessen und an der Wundheilung beteiligt (Martinez and Gordon 
2014). 
Die viszeralen Fettdepots dünner Individuen weisen einen relativ geringen Teil an 
Makrophagen auf, der in etwa 10-15% der Stromazellen ausmacht und enthalten vorwiegend 
Makrophagen des alternativ aktivierten Phänotyps. Es handelt sich also um ein anti-
inflammatorisches Mikromilieu an gleichmäßig verteilten Makrophagen, die die 
Insulinsensitivität fördern (Lumeng et al. 2008, Osborn and Olefsky 2012). 
Mit der Entwicklung einer Adipositas kommt es zur Entstehung einer chronischen 
Entzündung, die im Zusammenhang mit einer Insulinresistenz steht. Die Anzahl an 
Fettgewebemakrophagen steigt und kann bis zu 50% der Stromazellen erreichen (Weisberg et 
al. 2003). Zudem ändert sich der Immunphänotyp, sodass neben M2-Makrophagen 
vorwiegend klassisch aktivierte M1-Makrophagen vorzufinden sind (Lumeng et al. 2008) 
(Abb. 1). Typischerweise bilden die Makrophagen im inflammatorischen Fettgewebe 
sogenannte Crown-like Structures (CLS), die sterbende Adipozyten umgeben (Cinti et al. 
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2005). Somit sind die Makrophagen nicht mehr gleichmäßig im Gewebe verteilt, sondern 
befinden sich zu ca. 90% in CLS (Haase et al. 2014, Murano et al. 2008). 
Durch die krankhafte Expansion des Fettgewebes kommt es zum Anstieg beider 
Makrophagensubtypen, welcher mit der entstehenden Entzündung und Insulinresistenz in 
Verbindung gebracht wird (Cho et al. 2014). Interessanterweise lässt sich die 
Insulinsensitivität durch eine Verringerung des Makrophagengehalts im adipösen Fettgewebe 
positiv beeinflussen (Xu et al. 2003, Patsouris et al. 2008, Feng et al. 2011) und auch die 
gezielte Ausschaltung pro-inflammatorischer Signalwege führt zum Schutz gegen eine 
Insulinresistenz (Solinas et al. 2007, Arkan et al. 2005). 
Neben den negativen Folgen des Makrophagenanstiegs vermutet man gleichzeitig eine 
protektive Funktion einiger Makrophagen. So konnten z.B. lipidgeladene Makrophagen 
innerhalb der CLS nachgewiesen werden, die eine Ausschüttung der von sterbenden 
Adipozyten ausgehenden FFAs in die Zirkulation verhindern (Cinti et al. 2005, Wentworth et 
al. 2010, Prieur et al. 2011). Dies geht mit der Beobachtung einher, dass eine induzierte 
Lipolyse und somit die gezielte Freisetzung von FFAs zu einem schnellen Anstieg des 
Makrophagengehalts im Fettgewebe führt (Kosteli et al. 2010). Wentworth und Kollegen 
konnten zudem in humanen Studien zeigen, dass lipidgeladene Makrophagen innerhalb der 
CLS sowohl CD11c- als auch CD206-positiv sind und somit gleichermaßen M1- und M2-
Marker exprimieren. Sie stellen folglich einen intermediären Phänotyp dar und unterstreichen 
die Vereinfachung des Modells der Makrophagensubpopulationen (Wentworth et al. 2010). 
Auch dem reinen M2-Phänotyp werden positive Effekte während der Entwicklung einer 
Adipositas nachgesagt. So wurde festgestellt, dass die Inhibition der alternativen Aktivierung 
von Makrophagen durch die Defizienz des Peroxisom-Proliferator-aktivierten Rezeptors γ 
oder δ (PPARγ, PPARδ) zur Insulinresistenz führt (Odegaard et al. 2007, Odegaard et al. 





Abb. 1: Immunologische Unterschiede im weißen Fettgewebe schlanker und adipöser 
Individuen (Kraakman et al. 2014). 
 
1.5.1. Ursprung von Fettgewebemakrophagen 
Noch bis vor Kurzem wurde angenommen, dass alle im Gewebe vorkommenden 
Makrophagen aus der steten Rekrutierung von Monozyten hervorgehen, welche aus 
myeloiden Vorläuferzellen gebildet werden. Die Vorläufer entwickeln sich im Knochenmark 
aus hämatopoetischen Stammzellen, treten in den Blutstrom ein und migrieren ins Gewebe, 
indem sie sich letztendlich zu Makrophagen differenzieren (Geissmann et al. 2010). Diese 
Theorie bezeichnet man auch als Mononuclear Phagocyte System (MPS) (van Furth and Cohn 
1968). Mittlerweile hat sich jedoch das Wissen über die Herkunft verschiedener 
Makrophagenpopulationen erweitert. So weiß man heute, dass nicht nur die Migration von 
Monozyten zum Makrophagenbestand beiträgt, sondern im Gewebe auch residente 
Makrophagen vorkommen. Diese haben ihren Ursprung im Gegensatz zu rekrutierten 
Makrophagen in Vorläuferzellen, die sich während der Embryonalentwicklung bereits vor den 
hämatopoetischen Stammzellen bilden (Schulz et al. 2012) und besitzen zudem die 
Eigenschaft der Selbsterneuerung (Mizoguchi et al. 1992). Somit sind sowohl Rekrutierung 
als auch Proliferation als mögliche Faktoren für den adipositasassoziierten Anstieg von 
Fettgewebemakrophagen anzusehen (Zheng et al. 2016).  
Betrachtet man die Prozesse im inflammatorischen Fettgewebe, so ist die Mehrzahl an 
Makrophagen im späten Stadium der Adipositas abhängig von der Rekrutierung der 
Monozyten (Zheng et al. 2016). Diese unterliegt der Freisetzung des pro-inflammatorischen 
Zytokins Monocyte Chemotactic Protein 1 (MCP-1; auch C-C chemokine ligand 2, CCL2) 
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durch hypertrophe Adipozyten und der Expression des Rezeptors C-C chemokine receptor 2 
(CCR2) auf der Oberfläche der Monozyten (Weisberg et al. 2006, Kanda et al. 2006). Auch 
die chemotaktische Beeinflussung durch weitere Substanzen, wie Chemerin und Progranulin, 
sowie die Rolle von α4 Integrin und dem Cb1-assoziierten Protein bei der Anreicherung durch 
Adhäsions- und Migrationsvorgänge, werden diskutiert (Feral et al. 2006, Lesniewski et al. 
2007, Youn et al. 2009, Chakaroun et al. 2012). Im frühen Stadium der Adipositas ist der 
Anstieg an Makrophagen wohl eher der Fähigkeit zur lokalen Proliferation geschuldet (Zheng 
et al. 2016). Den ersten Beweis für eine proliferative Selbsterneuerung von Makrophagen im 
humanen Fettgewebe lieferten Bourlier und Kollegen bereits im Jahr 2008 (Bourlier et al. 
2008). Es folgten weitere Studien von Amano et al., sowie Haase et al. im Jahr 2014 (Amano 
et al. 2014, Haase et al. 2014). Letztere konnten vor allem die Expression des 
Proliferationsmarkers Ki67 der Makrophagen innerhalb der CLS sowie einen M2-Phänotyp 
(CD206+, CD301+) dieser proliferierenden Makrophagen im murinen Fettgewebe feststellen 
(Haase et al. 2014).  
1.5.2. Regulation der Makrophagenproliferation 
 Aktuelle Untersuchungen zeigen, dass das pro-inflammatorische Zytokin Osteopontin 
eine wichtige Rolle bei der Fettgewebeentzündung spielt. Es trägt zum einen zur 
Monozytenmigration und –differenzierung im Gewebe bei und stimuliert zum anderen die 
Monozyten- und Makrophagenproliferation (Tardelli et al. 2016). Die Selbsterneuerung der 
Makrophagen scheint zudem auch vom TH2-Zytokin IL-4 positiv beeinflusst zu werden 
(Jenkins et al. 2011), dessen Signalgebung durch die Bindung an die α-Untereinheit des 
Rezeptors (IL-4Rα) aktiviert wird (LaPorte et al. 2008). Ein weiterer regulierender Faktor in 
der Fettgewebeinflammation ist außerdem das Zytokin IL-6, welches bisher kontrovers im 
Zusammenhang mit Adipositas und Insulinresistenz diskutiert wurde (Pedersen and Febbraio 
2007). In einer aktuellen Studie konnte gezeigt werden, dass die Expression des IL-4Rα der 
Regulation durch IL-6 unterliegt. Zudem ist im Mausmodell mit myeloidzellspezifischer 
Defizienz des IL-6Rα die IL-4-induzierte alternative Aktivierung der Makrophagen 
unterdrückt und die Insulinresistenz erhöht (Mauer et al. 2014). Somit konnte bewiesen 
werden, dass IL-6, welches traditionellerweise den pro-inflammatorischen Zytokinen 
zugeordnet wird, einen anti-inflammatorischen Effekt während der Fettgewebeinflammation 
ausübt.  
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1.6. Insulinsensitivität und Adipogenese 
Wie bereits erwähnt, ist Fett ein heterogenes Gewebe aus verschiedenen Zelltypen, die 
die Fähigkeit besitzen über verschiedenste Signalwege miteinander zu kommunizieren. Durch 
die Zell-Zell-Kommunikation können unterschiedliche Prozesse reguliert werden, deren 
Modulation zur Entwicklung neuer Diabetestherapieverfahren herangezogen werden kann. 
 Ein wichtiger Faktor in der Regulation des Fettgewebes ist z.B. die Adipogenese, 
welche die Differenzierung von Präadipozyten zu Adipozyten beschreibt. Sie wird u.a. durch 
Transkriptionsfaktoren beeinflusst, die an den Kernrezeptor PPARγ binden und diesen 
aktivieren (Semple et al. 2006, Tontonoz and Spiegelman 2008). Infolge der Aktvierung 
kommt es zu einer verbesserten Insulinsensitivität. Dies ist vor allem der Ausbildung neuer 
noch insulinsensitiver Adipozyten geschuldet, die zu einer erhöhten Lipidspeicherung im 
Fettgewebe führen, wodurch die Freisetzung von FFAs reduziert wird (Okuno et al. 1998). 
Zudem erhöht die Ligandenbindung die Expression von Adiponektin (Nawrocki et al. 2006) 
und fördert die alternative Aktivierung von Makrophagen über die Inhibition pro-
inflammatorischer Transkriptionsfaktoren (Tontonoz and Spiegelman 2008).  
Die Adipogenese kann z.B. über die Aktivierung des Hedgehog-Signalweges, der für 
seine Rolle in der Embryonalentwicklung bekannt ist, negativ beeinflusst werden. Somit ist 
Hegdehog für die Inhibition der Fettformation verantwortlich und kann sogar zum 
vollständigen Verlust des weißen Fettgewebes führen (Suh et al. 2006, Cousin et al. 2007, 
Pospisilik et al. 2010). Die Bindung der Hedgehog-Liganden Indian Hedgehog (IHH), Sonic 
Hedgehog (SHH) oder Dessert Hedgehog (DHH) an den Oberflächenrezeptor Patched (Ptch) 
bewirkt eine Auflösung der Inhibition des Rezeptors Smoothened (Smo). Dies wiederum löst 
eine Signalkaskade aus, die in der Translokation des Transkriptionsfaktors Gli in den Zellkern 
resultiert und somit u.a. die Expression des PPARγ-Rezeptors moduliert (Fontaine et al. 
2008). Veränderung in der Signalaktivität werden mit seltenen humanen Erkrankungen wie 
dem Bardet-Biedl-Syndrom in Verbindung gebracht, welches sich neben Polydaktylie und 
Nierendefekten in Adipositas und in manchen Fällen auch mit Diabetes äußert (Huangfu et al. 
2003, Pan et al. 2005). Die genauen Mechanismen und Auswirkungen der Hedgehog-
Signaltransduktion im Rahmen der Adipositas sind jedoch immer noch unzureichend geklärt. 
Allerdings konnte gezeigt werden, dass die Aktivierung des Hedgehog-Signalweges zur 
Reduktion der Blutglukose durch die Aufnahme von Glukose in Muskelzellen führt (Teperino 
et al. 2012). Dies lässt einen gewebespezifischen Effekt der Signalgebung vermuten und 




Die vorliegende Arbeit befasst sich mit der Regulation von Fettgewebemakrophagen
während der adipositasassoziierten Fettgewebeentzündung. Fettgewebemakrophagen stehen 
im engen Zusammenhang mit der Entstehung einer Insulinresistenz als dominantestes 
Merkmal der krankhaften Expansion des Fettgewebes. Die Beeinflussung der Anzahl, 
Funktion und Aktivierung von Makrophagen stellt demnach einen potentiellen Angriffspunkt 
für neue Antidiabetika dar.  
Aus den in der Einleitung beschriebenen Vorbefunden ergaben sich für diese Arbeit 
folgende Fragestellungen:  
1. Ist es möglich ex vivo eine gezielte Proliferation der alternativ aktivierten
Makrophagen hervorzurufen?
2. Welche endogenen Faktoren kommen für die M2-Polarisierung und Proliferation
in Frage, von welchen Zellen werden sie sezerniert und welche Rolle spielt das
kontrovers diskutierte IL-6 bei diesem Vorgang?
3. Welche Reportermäuse eignen sich zur Langzeit-Untersuchung der
Makrophagen mittels konfokaler Lebendmikroskopie in einer diätetisch
induzierten Fettgewebeinflammation?
4. Sind myeloide Zellen und somit auch Makrophagen an der Hedgehog-
Signalgebung im inflammatorischen Fettgewebe beteiligt und welchen Einfluss
hat der Signalweg auf die Merkmale der Adipositas?
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IL-6 Regulates M2 Polarization and Local Proliferation of
Adipose Tissue Macrophages in Obesity
Julia Braune,* Ulrike Weyer,* Constance Hobusch,* Jan Mauer,† Jens C. Br€uning,‡
Ingo Bechmann,* and Martin Gericke*
Obesity is associated with chronic low-grade inflammation of adipose tissue (AT) and an increase of ATmacrophages (ATMs) that is
linked to the onset of type 2 diabetes. We have recently shown that focal sites of inflammation around dying adipocytes, so-called
crown-like structures, exhibit a unique microenvironment for macrophage proliferation. Interestingly, locally proliferating mac-
rophages were not classically activated (M1), but they exhibited a rather alternatively activated (M2) immune phenotype. In this
study, we established organotypic cell cultures of AT explants to study the impact of cytokine treatment on local ATM prolifer-
ation, without the bias of early monocyte recruitment. We show that exposure of AT to Th2 cytokines, such as IL-4, IL-13, and
GM-CSF, stimulates ATM proliferation, whereas Th1 cytokines, such as TNF-a, inhibit local ATM proliferation. Furthermore,
AT from obese mice exhibits an increased sensitivity to IL-4 stimulation, indicated by an increased phosphorylation of STAT6. In
line with this, gene expression of the IL-4 receptor (Il4ra) and its ligand IL-13 are elevated in AT of obese C57BL/6 mice. Most
importantly, Il4ra expression and susceptibility to IL-4 or IL-13 treatment depend on IL-6 signaling, which seems to be the
underlying mechanism of local ATM proliferation in obesity. We conclude that IL-6 acts as a Th2 cytokine in obesity by
stimulating M2 polarization and local ATM proliferation, presumably due to upregulation of the IL-4 receptor a. The Journal
of Immunology, 2017, 198: 000–000.
O besity is a disease of epidemic proportions and it isclosely linked to an increased risk of developing car-diovascular diseases, stroke, cancer, and type 2 diabetes
(1). As a result, obesity is one of the main threats to global human
health and life expectancy (2). Therefore, it is important to un-
derstand the mechanisms underlying obesity and associated dis-
eases, such as type 2 diabetes.
During obesity development significant metabolic and immu-
nological changes occur, especially in adipose tissue (AT). The first
evidence of a positive correlation between inflammatory changes
and insulin resistance appeared by the observation that TNF-a
secretion is chronically elevated in obese rodent AT compared
with lean animals (3). Since this initial finding, numerous studies
have demonstrated that obesity is associated with chronic low-
grade inflammation in AT, reflected by increased levels of in-
flammatory cytokines (4). Furthermore, the obesity-associated
inflammatory state is linked to accumulation of AT macrophages
(ATMs) and other immune cells (4).
Macrophages are generally classified as classically activated
(M1) or alternatively activated (M2). This activation state can be
affected by either a pro- or anti-inflammatory micromilieu. Po-
larization of M1 macrophages is induced by proinflammatory
cytokines, such as TNF-a, INF-g, or microbial products, such as
LPS (5). M1 macrophages are characterized by the expression of
the surface marker CD11c and production of proinflammatory
cytokines. Additionally, they produce reactive oxygen and ni-
trogen intermediates (6). In contrast, M2-polarized macrophages
induce the production of anti-inflammatory cytokines, express
high levels of arginase 1, and can be identified by the expression
of CD163, CD206, and CD301 on their cell surface (6, 7). They
are thought to participate in tissue homeostasis, remodeling, and
wound healing. Alternative activation of macrophages is stimu-
lated by Th2 cytokines, such as IL-4, IL-13, and partially IL-10
(5). Interestingly, also IL-6, a classical proinflammatory cyto-
kine, which is upregulated during several kinds of inflammation,
including obesity, promotes M2 polarization (8). Additionally,
IL-6 has been shown to sustain systemic glucose tolerance and
insulin sensitivity (8–11). Importantly, a growing body of evi-
dence suggests that the established M1/M2 paradigm is an
oversimplification of the macrophage biology found in vivo. In
obesity, ATMs exhibit an activated phenotype that is distinct
from classical activation (M1) or alternative activation (M2).
Therefore, the term “metabolic activation” has been introduced
by Kratz et al. (7), which is characterized by an increased ma-
chinery of lipid catabolism in ATMs (12).
In lean individuals, visceral fat depots contain a relatively low
amount of tissue-resident macrophages (10–15% of stroma cells),
and these cells exhibit an alternatively activated phenotype. They
are distributed in an even manner (13) and have been shown to
promote insulin sensitivity (14). The insulin-sensitive state of AT
in lean mice is thought to be preserved by eosinophils due to local
IL-4 secretion and maintenance of an anti-inflammatory milieu
(15). During weight gain, a chronic low-grade inflammation is
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induced and the number of macrophages in AT rises. Therefore,
the percentage of ATMs in obese AT can be as high as 50% of
stroma cells (4). Additionally, a phenotypic switch from an M2
toward a more classically activated ATM phenotype occurs (13).
Diet-induced obesity also alters the distribution of macrophages
within the tissue, which leads to the formation of crown-like
structures (CLS) around dying adipocytes (16). Notably, 90% of
ATMs in obesity are localized in CLS (17, 18).
Considering the dramatic gain of AT mass in obesity, the
absolute number of both M1- and M2-polarized ATMs increases
(6). However, mechanisms leading to increased macrophage
numbers seem to differ between these two macrophage sub-
populations. Recently, we and others have shown that ATMs
have the ability to proliferate within AT, especially within CLS
(17, 19, 20). Notably, proliferating ATMs expressed CD206 and
CD301 at a high level, suggesting that these cells exhibit an
alternatively activated state (17).
M2 macrophages in AT can positively alter the outcome of
obesity due to their beneficial function in apoptotic cell clearance,
tissue repair, and remodeling (21). Therefore, the aim of this study
was to identify the microenvironmental factors that lead to
obesity-induced local proliferation of M2 ATMs. We tested the
effect of various cytokines and neutralizing Abs in an organotypic
AT model (AT explants) for their ability to influence local ATM
proliferation. The gene expression of identified cytokines and their
putative receptors was further analyzed in AT from lean and obese
mice to define microenvironmental cues stimulating ATM prolif-
eration in obesity.
We demonstrate that Th2 cytokines that drive M2 polarization
can also increase local ATM proliferation. Furthermore, we identify
IL-6 as a main driver of ATM proliferation in obesity, presumably
due to upregulation of IL-4Ra. Hence, our data indicate a distinct
M2 population of ATMs in obesity, characterized by enhanced
Il4ra expression and a high proliferation rate.
Materials and Methods
Experimental animals
Mouse strains were maintained in the local animal facility at a 12-h light/
dark cycle with free access to food and water. For diet-induced obesity, male
wild-type C57BL/6 mice or MacGreen (CSF1R-eGFP+/2) mice on a
C57BL/6 background were fed a high-fat diet (60% kcal fat; Ssniff Spe-
zialdiäten, Soest, Germany) for 24 wk, starting at 6 wk of age. Control
littermates were kept on a regular chow diet (9% kcal fat; Ssniff Spe-
zialdiäten). All experiments were approved by the local authorities
(Landesdirektion Leipzig).
Organotypic AT culture (AT explants) and treatments
Epididymal AT of male MacGreen mice after 24 wk of high-fat diet was
used to generate organotypic AT cultures (AT explants). MacGreen mice
develop AT inflammation similar to wild-type C57BL/6 mice (22) with the
additional opportunity to observe ATMs during the experiment ex vivo.
Mice were killed and the rostral part of the epididymal fat pad was dis-
sected sterilely. Then, the fat pad was placed in a PBS-filled culture dish
and was further cut into 1 mm3 pieces using a sterile razor blade. Explants
were cultured for 48 or 96 h in RPMI 1640 medium (Sigma-Aldrich,
Deisenhofen, Germany) supplemented with 1% insulin/transferrin/
selenium mixture and antibiotics (100 U/ml penicillin and streptomycin;
all reagents from Sigma-Aldrich) at 5% CO2/21% O2 and 37˚C. For
analysis of cell proliferation, 10 mM BrdU was applied to the culture
medium (BD Pharmingen, Heidelberg, Germany). Explants were stimu-
lated by several cytokines (1–250 ng/ml as indicated; PeproTech, Ham-
burg, Germany; Sigma-Aldrich). Depletion of cytokines was performed
by using anti–IL-4 (11B11), anti–IL-13 (eBio1316H), or anti–IL-6
(MP5-20F3) Abs. Rat IgG1 control was performed in parallel in every
experiment (all 10 mg/ml; eBioscience, Frankfurt, Germany). After 24 h of
incubation with neutralizing Abs, BrdU was applied to the culture medium
for the last 24 h. Detection of BrdU uptake of ATMs was performed as
described below. For Th2 susceptibility test, AT explants were generated as
described above and directly stimulated with IL-13 or IL-4 (both 50 ng/ml)
at 37˚C. After 30 min, AT explants were snap frozen in liquid nitrogen and
processed for Western blot analysis.
Flow cytometry
For flow cytometry analyses, freshly dissected AT or cultured AT ex-
plants were digested using collagenase type II (Worthington Bio-
chemical, Lakewood, NJ). Subsequently, the cell suspension was filtered
through a 75 mm mesh, followed by blocking Fc receptors by anti-
CD16/32 (1:100; eBioscience) for 15 min on ice. Next, cells were
stained by anti–CD45-FITC (30-F11; including 99.9% of GFP cells,
data not shown), anti–F4/80-PE-Cy7 (BM8), anti–CD11c-Brilliant
Violet 421 (N418), anti–CD11c-PE (N418; all 1:100; eBioscience),
anti–CD206-Alexa Fluor 647 (MR5D3; 1:50; AbD Serotec, Kidling-
ton, U.K.), and/or anti–CD301-Alexa Fluor 647 (ER-MP23; 1:200;
AbD Serotec) for 20 min on ice. Fixation and permeabilization for cell
proliferation assays were performed using the allophycocyanin BrdU
flow kit (BD Pharmingen) according to the manufacturer’s protocol.
For detection of BrdU, cells were further treated with DNase IV
(Sigma-Aldrich), followed by anti–BrdU-Alexa Fluor 647 (PRB-1;
1:50; Abcam, Cambridge, U.K.). For detection of intracellular pro-
teins, DNase treatment was omitted and appropriate Abs, such as
anti-Ki67 (SP6; 1:100; DCS Immunoline, Hamburg, Germany), anti–
IL-13-PE (eBio13A; 1:100; eBioscience), or anti–IL-6-PE (MP5-20F3;
1:100; eBioscience), were applied. For visualizing Ki67 staining we
used goat anti-rabbit Alexa Fluor 647 (1:200; Invitrogen, Darmstadt,
Germany). Finally, 7-aminoactinomycin D (BD Pharmingen) was used
for DNA staining. Additionally, fluorescence minus one and isotype
controls were carried out for all experiments. Isotype controls of the
CD11c/CD206/CD301 Abs were used for gating ATM subsets, and
secondary Ab controls were used for defining Ki672/Ki67+ cells
(Supplemental Fig. 1). For analysis of flow cytometry data, cells were
gated first for 7-aminoactinomycin D+ cells. Subsequently, CD45+ and
F4/80+ cells were defined as ATMs, which further could be differentiated
into M1 (CD11c+; CD2062/CD3012) and M2 (CD11c2; CD206+/CD301+)
macrophages. Analysis was performed using an LSR II (BD Pharmingen)
equipped with FACSDiva software 8.0. Quantification was performed using
FlowJo software 10.0.5 (Tree Star, Ashland, OR).
Gene expression analysis and fractionation of AT
Relative gene expression was analyzed by quantitative real-time PCR
(Maxima SYBR Green quantitative PCR master mix; Thermo Fisher
Scientific, Schwerte, Germany) on a Bio-Rad CFX96Manager system (Bio-
Rad, Munich, Germany). After extraction of total RNA (TRI Reagent
solution; Thermo Fisher Scientific), cDNAwas synthesized by using oligo
(dT) primers and a ProtoScript first-strand cDNA synthesis kit (New
England Biolabs, Frankfurt am Main, Germany). Primer 3 software was
used to design gene-specific primers (presented in Supplemental Table I).
Gene of interest mRNA expression levels were measured in duplicate and
normalized to Ipo8 . Relative gene expression data were analyzed using the
∆∆Ct method by Pfaffl (23). Fractionation of AT to separate stroma cells
(including macrophages) and adipocytes was performed as described
previously (24).
Western blot analysis
Western blot analysis was performed as described earlier (25). Proteins
were extracted using RIPA buffer (50 mM Tris [pH 8], 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS, supplemented
with 1% PMSF and 1% protease inhibitor mixture [Sigma-Aldrich]). Blots
were incubated with polyclonal antisera against phospho-STAT6 (ab54461;
1:500; Abcam) or pan-STAT6 (9362; 1:500; Cell Signaling Technology,
Boston, MA) at 4˚C overnight. Immunoreactions were detected with
the appropriate peroxidase-conjugated anti-rabbit IgG secondary Ab
(1:10,000; Vector Laboratories, Peterborough, U.K.) at room temperature
for 2 h. Peroxidase activity was visualized with an ECL kit (Amersham
Pharmacia, Freiburg, Germany). Semiquantitative evaluation of arbitrary
units was performed with the Gel analyzer software (Media Cypernetics,
Bethesda, MD).
Statistical analysis
Data are presented as mean 6 SD or as box plots (whiskers represent
minima and maxima) of at least three animals evaluated by the Student–
Newman–Keuls method for multiple comparisons, the Student t test, or the
Mann–Whitney U test, respectively. The Pearson correlation coefficient
was calculated using GraphPad Prism (GraphPad Software, La Jolla, CA).
A p value , 0.05 was considered statistically significant.
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Results
Immune phenotype and local proliferation of ATMs in AT
explants
First, we established an organotypic culture system of AT (AT
explants) to study the impact of cytokine stimulation on local ATM
proliferation without the confounding effect of monocyte re-
cruitment from the circulation. After 48 h ex vivo, we analyzed the
immune phenotype of ATMs by flow cytometry. AT explants from
lean mice exhibited an almost exclusive M2 phenotype of ATMs
(CD301+, CD11c2), whereas AT explants from obese mice dis-
played a decrease of M2 macrophage proportion and an increase
of classically activated M1 ATMs (CD3012, CD11c+; Fig. 1A,
1C). Hence, the ratio of M1 to M2 macrophages was elevated in
AT explants from obese mice, compared with AT explants from
lean mice (Fig. 1C). Furthermore, we studied the ability of ATMs
to proliferate locally within AT. We quantified proliferating
(BrdU+) and nonproliferating (BrdU2) ATMs based on their BrdU
incorporation after 48 h ex vivo (Fig. 1B, 1D). In AT explants from
obese mice, we found significantly more BrdU+ ATMs than in AT
explants from lean mice (Fig. 1D). Hence, the proinflammatory
ATM phenotype and the increased proliferation rate of ATMs
previously documented in vivo are sustained in AT explants for at
least 48 h ex vivo.
Th2 cytokines are sufficient to drive M2 polarization and
increase BrdU incorporation of ATMs
Next, BrdU incorporation and the immune phenotype of ATMs
were studied by flow cytometry upon stimulation of obese AT
explants with various cytokines for 48 h. ATMs in the control group
treated with PBS showed an initial proliferation of ∼30% and a
more classically activated immune phenotype. Stimulation with
IL-4, IL-13, or GM-CSF led to an enhanced incorporation of BrdU
reflecting more proliferating ATMs. Additionally, Th2 cytokines
increased the number of M2-polarized ATMs. In general, Th2
cytokine stimulation is sufficient to shift the M1-to-M2 ratio to-
ward a preferential M2 polarization (Fig. 2A, 2B) and also to
enhance the local proliferation rate of ATMs, whereas LPS or
TNF-a stimulation shifted ATMs toward M1 polarization and
attenuated local ATM proliferation (Fig. 2A–C; individual fre-
quencies of all ATMs and M1- and M2-polarized ATMs are pre-
sented in Supplemental Fig. 2). GM-CSF, IL-4, or IL-13 was also
applied in increasing concentrations from 1 to 250 ng/ml, re-
spectively. We found that GM-CSF is the most potent stimulus for
ATM proliferation, whereas IL-13 seems to be marginally less
effective (Fig. 2D–F). In summary, we performed correlation
analyses of all experiments. We found that the number of
M1-polarized ATMs negatively correlated with the number of
proliferating ATMs (r = 20.47, p , 0.0001; Fig. 2G). In contrast,
the number of M2-polarized ATMs positively correlated with the
number of proliferating ATMs (r = 0.52, p , 0.0001; Fig. 2H).
Th2 cytokines increase Ki67 expression in ATMs and the
number of ATMs
Next, we determined the expression of Ki67, a marker protein of
cell proliferation, by flow cytometry as an additional independent
measure of ATM proliferation. After 48 h of IL-4 or GM-CSF
stimulation, the number of Ki67+ ATMs increased. After 96 h of
stimulation with IL-4, GM-CSF, or IL-13, the local proliferation
rate of ATMs was also enhanced as measured by Ki67 expression
(Fig. 3A, 3B). Importantly, after 96 h of stimulation using either
IL-4 or IL-13, also the percentage of ATMs among all isolated
stroma cells increased significantly within the treated AT explants
(Fig. 3C). These results demonstrate that Th2 cytokines are sufficient
to increase both cell proliferation rate and the number of ATMs.
Expression of Il-13 and Il4ra is elevated in obesity
To identify the local stimulus of M2 polarization in obese animals,
we next analyzed the expression of putative Th1 and Th2 cyto-
kines and their receptors in AT from lean and obese mice. Al-
though obesity induced an increase of proinflammatory factors,
such as MCP-1 and TNF-a, we also found elevated mRNA ex-
pression of cytokines that are well-documented inducers of M2
polarization, such as Il-6, Il-10, and Il-13 (5, 8) (Fig. 4A). Fur-
thermore, expression of the respective cytokine receptors Il6ra,
Il10ra, Il10rb, Il4ra, and Il13ra2 was also increased in obese AT,
suggesting that signaling of these cytokines could be elevated in
obesity (Fig. 4B). Of note, Il-4, Il-13, and Il-6 expression was
preferentially found in stroma cells of AT, including macrophages
and other immune cells, whereas their respective receptors (Il4ra,
Il6ra, and Il13ra1) were equally expressed by stroma cells and
adipocytes within AT. Interestingly, the IL-13 decoy receptor
Il13ra2 was preferentially expressed in adipocytes, rather than in
stroma cells (Fig. 4C).
We hypothesized that IL-13 could be a possible stimulus of local
ATM proliferation in obesity. We performed flow cytometry and
observed that 7.9% of ATMs produced IL-13 in obesity, which
represents 96.4% of overall IL-13 protein expression in stroma
cells. Furthermore, IL-13–producing ATMs were preferentially
M2 polarized (Fig. 4D). Next, we focused on the IL-4Ra, which is
altered in obesity and essential for IL-13 signaling. We stimulated
acutely isolated AT explants with IL-13 and IL-4. Interestingly,
IL-4 stimulation of obese AT explants led to a 10-fold enhanced
FIGURE 1. Immune phenotype and local proliferation of ATMs in AT
explants. Analysis of the immune phenotype (A) and proliferation rate (B)
of CD45+F4/80+ ATMs by flow cytometry in lean and obese mice. (C)
Ratio of classically activated (M1; defined as CD11c+, CD3012 ATMs) to
alternatively activated (M2; defined as CD11c2, CD301+ ATMs) ATMs in
lean and obese mice (n = 3) measured by flow cytometric analysis. (D)
BrdU incorporation in ATMs of lean compared with obese mice (n = 3).
Data are presented as mean 6 SD. *p , 0.05, ***p , 0.001.
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STAT6 phosphorylation compared with AT from lean littermates,
possibly reflecting the enhanced expression of Il4ra in AT from
obese mice, as shown above on the mRNA level. In contrast, IL-13
stimulation of STAT6 did not differ between lean and obese mice
(Fig. 4E, 4F).
IL-6 signaling regulates proliferation of ATMs
To test which cytokine could be a required stimulus of ATM
proliferation in obesity, we depleted AT explants by using neu-
tralizing Abs against IL-4, IL-13, and also IL-6. Of note, IL-6
promotes M2 macrophage polarization by increasing IL-4Ra ex-
pression (8). Importantly, only IL-6 depletion led to a significant
reduction of BrdU incorporation by ATMs (Fig. 5A, 5B). Gene
expression analysis verified that IL-6 neutralization blunted Il4ra
expression (Fig. 5C). Furthermore, IL-6 was also produced by
M2-polarized ATMs in obese mice (Fig. 5D).
IL-6 signaling impacts on Th2-induced proliferation and
polarization of ATMs
We found that mRNA expression of Il-6 and its receptor was el-
evated in obesity (Fig. 4A, 4B). We thus asked whether IL-6 serves
as an upstream regulator of IL-4R–dependent ATM proliferation.
Therefore, we tested the effect of IL-6 neutralization on ATM pro-
liferation and macrophage polarization. Again, flow cytometry
revealed that the inhibition of IL-6 signaling led to a significant
decrease in the proliferation rate of ATMs (Fig. 6A, 6C), without
affecting leukocyte or ATM viability (Fig. 6B). Additional stimu-
lation of IL-6–depleted AT explants with Th2 cytokines, such as
IL-4, IL-13, and GM-CSF, revealed an attenuation of the established
effect of IL-13 and IL-4 on BrdU incorporation upon IL-6 neutral-
ization (Fig. 6A, 6C). Furthermore, IL-6 depletion shifted the
M1-to-M2 ratio of ATMs toward a more classically activated M1
phenotype (Fig. 6D, 6E). Importantly, proliferation and polarization
of ATMs upon treatment with GM-CSF, which does not use IL-4R
signaling, were unaffected by IL-6 neutralization (Fig. 6A, 6C–E).
Discussion
ATof obese individuals exhibits a chronic low-grade inflammatory
state, which is linked to a whole plethora of obesity-associated
diseases. Obesity-associated inflammation is characterized by in-
creased numbers of ATMs (4). The rising number of ATMs in
FIGURE 2. Th2 cytokines drive M2 polarization and increase BrdU incorporation of ATMs. (A) Representative flow cytometry plots for the immune
phenotype of CD45+F4/80+ ATMs (left row), presented as the M1 (CD11c+, CD3012 ATMs) to M2 (CD11c2, CD301+ ATMs) ratio and BrdU incor-
poration of CD45+F4/80+ ATMs (right row), treated with IL-4, IL-13, GM-CSF, or TNF-a for 48 h ex vivo. PBS was used as vehicle control. (B and C)
M1-to-M2 ratio (B) and BrdU incorporation (C) of ATMs in AT explants from obese mice treated for 48 h with different cytokines (n = 4–16). Data were
measured by flow cytometry and normalized to their PBS-treated control. (D–F) BrdU incorporation of ATMs after stimulation of AT explants from obese
mice with increasing concentrations (1–250 ng/ml) of either GM-CSF (D), IL-4 (E), or IL-13 (F) (n = 5–8). (G and H) Correlation analysis of M1-polarized
(G) and M2-polarized (H) ATMs to the BrdU incorporation in ATMs in AT explants (n = 105). Data are presented as fold of PBS control 6 SD. *p , 0.05,
**p , 0.01, ***p , 0.001.
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obese AT was originally thought to exclusively result from
monocyte recruitment from the circulation (26). Monocyte mi-
gration into AT is dependent on the release of MCP-1 (CCL2)
from hypertrophic adipocytes and CCR2 expression on the surface
of blood monocytes (26, 27). We and others have recently shown
that ATMs, apart from being replenished by monocytes, also pro-
liferate locally within AT (17, 19). This local proliferation was
predominantly found in macrophages of the alternatively activated
M2 phenotype. In the present study, we used an organotypic organ
culture model of AT to identify cytokines that promote local ATM
proliferation. Notably, macrophage proliferation takes at least
1–2 d (28), whereas monocyte recruitment appears as early as
60 min after cytokine stimulation (29). Therefore, in animals, dis-
tinguishing between local proliferation of mature tissue macro-
phages and infiltration of monocytes descending from proliferating
bone marrow precursors is challenging.
In this study, we show that AT explants from obese mice sustain
their proinflammatory macrophage phenotype and the high ATM
proliferation rate for at least 48 h ex vivo, as compared with AT
explants from lean littermates. Thus, using AT explants from obese
mice allowed us to study the influence of several cytokines on
proliferation of mature tissue macrophages without the bias of early
monocyte recruitment. Of note, the concentration that we used for ex
vivo stimulation of AT explants (50 ng/ml) reflects a compromise
between commonly used cell culture concentrations (10–50 ng/ml)
(8) and higher cytokine concentrations, commonly used for i.p.
injections of living animals (5 mg per mouse) (30, 31).
However, in AT explants, polarization of ATM subtypes can be
provoked by Th2 cytokine stimulation, as shown for IL-4, IL-13,
and GM-CSF. Although GM-CSF is frequently used to induce M1
polarization in human macrophages (5, 32), in our hands, GM-CSF
was also a potent inducer of M2 ATM polarization. Notably,
GM-CSF has been shown to stimulate IL-13 expression in mac-
rophages in vitro and in vivo (33–35), as well as the expression of
CD206 (36), a surface marker of M2 macrophages.
Most importantly, Th2 cytokines enhanced the local proliferation
of ATMs as shown by BrdU incorporation. In contrast, stimulation
FIGURE 3. Th2 cytokines increase Ki67 expression in ATMs and the
number of ATMs. (A) Flow cytometry analysis of Ki67 expression in
ATMs (CD45+, F4/80+) of AT explants from obese mice treated either for
48 h with 50 ng/ml IL-4, IL-13, GM-CSF, or TNF-a. (B and C) Bar graphs
summarize Ki67 expression of ATMs (B) and relative number of ATMs
(percentage of live cells) (C) in obese AT explants treated for 48 and 96 h
with 50 ng/ml IL-4, IL-13, GM-CSF, or TNF-a (n = 3–8). Data are pre-
sented as fold of PBS control. *p , 0.05, **p , 0.01, ***p , 0.001.
FIGURE 4. The expression of Il-13 and its receptor
Il4ra is elevated in obesity. (A and B) Whole AT gene
expression analysis of different cytokines (A) and their
receptors (B) of mice fed either a normal chow (lean;
white) or a high-fat diet (obese; black; n = 4–9). (C) Gene
expression is presented for fractionated AT from obese
mice, separated into stroma cells (white) and adipocytes
(black; n = 5). Real-time quantitative PCR data are shown
as 6SD and were normalized to Ipo8 as internal control.
(D) Detection of ATMs (CD45+, F4/80+) producing IL-13
in epididymal AT from obese mice by flow cytometry. (E)
A representative Western blot of STAT6 phosphorylation
in epididymal AT of lean and obese mice after stimulation
with IL-13 or IL-4 (both 50 ng/ml) for 30 min. (F) Bar
graph summarizes the ratio of phosphorylated to non-
phosphorylated STAT6 after 30 min of cytokine stimulation
of lean and obese AT explants (n = 3–7). Data are presented
as means 6 SEM. *p , 0.05, **p , 0.01, ***p , 0.001.
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with proinflammatory molecules, such as TNF-a and LPS, pro-
moted M1 polarization and decreased ATM proliferation. Fur-
thermore, our findings were independently confirmed by Ki67
staining, an additional marker for cell proliferation, thereby ex-
cluding BrdU incorporation by pinocytosis. Thus, ATM prolifer-
ation capacity strongly depends on the polarization state of ATMs.
These findings are in line with data from Jenkins et al. (30, 37)
who reported that IL-4 signaling is a key player of proliferation in
resident tissue macrophages. In obesity, Zheng et al. (31) showed
that proliferation and M2 polarization of ATMs are regulated by
STAT6, a downstream molecule in the IL-4Ra signaling cascade.
Most recently, osteopontin has been reported as a required factor
in local ATM proliferation (38). In line with this, osteopontin also
increases M2 markers, such as CD163 and CD206, and reduces
inflammatory properties, such as TNF-a expression, in human
macrophages (39).
The main focus of the present study was to define microenvi-
ronmental cues in AT from obese mice that promote M2 polari-
zation and ATM proliferation in obese mice in vivo. First, we
verified the previously documented obesity-induced increase of
TNF-a and MCP-1 expression that is indicative for the proin-
flammatory environment present in insulin-resistant individuals
(4, 26). Notably, also the gene expression of Il-13 and Il-10 and
their respective receptors were elevated in AT of obese mice, both
of which represent classical anti-inflammatory cytokines. We
further report an enhanced STAT6 phosphorylation of AT from
obese mice after IL-4 stimulation, which might reflect higher
tissue expression of the IL-4Ra or an increased susceptibility to
IL-4 stimulation. Of note, the IL-4Ra–chain is essential for signal
transduction upon binding of either IL-4 or IL-13. Hence, also
molecules involved in Th2 immunity and M2 polarization are
increased in obesity. However, we suggest a different M2 phe-
notype in lean and obese AT. M2 macrophages in lean AT seem to
represent a resting, tissue-resident M2 phenotype, characterized
by a low proliferation rate, whereas M2 macrophages in obese AT
might represent a locally stimulated M2 phenotype. This stimu-
lated M2 phenotype in obesity is characterized by high local
proliferation.
We further analyzed the underlying mechanism behind this high
proliferation rate of M2 macrophages in obesity. We found that
gene expression of both Il-6 and its receptor is significantly ele-
vated in AT of obese mice. Importantly, IL-6 was recently shown
promoting M2 polarization of ATMs via a direct upregulation of
IL-4Ra expression and an enhanced IL-4 response in macro-
phages (8). Accordingly, we tested the impact of IL-6 signaling on
local macrophage proliferation. Because of high abundance of
IL-6 in AT explants, we used a neutralizing Ab against IL-6. We
found that the proliferation of ATMs is significantly decreased by
IL-6 depletion. Importantly, IL-4 and IL-13 stimulation of ATM
proliferation can also be suppressed by blocking IL-6 signaling.
Additionally, gene expression analysis of AT explants treated with
the IL-6 Ab revealed a downregulation of the Il4ra subunit.
Hence, the effect of cytokine stimulation via the IL-4Ra/STAT6
axis is attenuated by IL-6 inhibition. In line with this, GM-CSF
stimulation of ATM proliferation was unaffected by IL-6 deple-
tion, because GM-CSF signals via the CSF-2 receptor and not by
the IL-4 receptor or a STAT6-dependent mechanism (40).
Therefore, we conclude that although several Th2 cytokines are
sufficient to increase local ATM proliferation, only IL-6 is a re-
quired factor for sustaining local ATM proliferation.
However, in this study wewere unable to provide direct evidence
for an involvement of IL-13 in local ATM proliferation. Although
Il-13 expression is enhanced in obesity, IL-13 depletion by using
neutralizing Abs (clone eBio1316H) does not alter ATM prolif-
eration. Furthermore, IL-13 stimulation of STAT6 phosphorylation
is not as efficient as IL-4 in AT explants from obese mice.
Therefore, the ligand of the IL-4Ra in obesity is still ill-defined.
Importantly, we found that Il13ra2, an exclusive IL-13 receptor,
was also strongly enhanced in obesity. Of note, IL-13Ra2 is
considered to be a decoy receptor with a short intracellular domain
only. Furthermore, signaling activity of this receptor is discussed
controversially (34, 37). Therefore, high-affinity binding of IL-13
to IL-13Ra2 can avoid IL-13 binding to the IL-4Ra and may be
responsible for a lower efficacy of IL-13 in comparison with IL-4.
Because we show in the present study that Il13ra2 expression is
preferentially found on adipocytes, whereas Il-13 is preferentially
expressed in ATMs, accumulation of macrophages around dead
adipocytes in CLS could favor IL-13 binding to IL-4Ra on
macrophages, rather than high-affinity binding of IL-13 to
IL-13Ra2 on surrounding healthy adipocytes. However, whether
IL-13 directly stimulates the IL-4Ra via an increased local con-
centration within CLS needs to be addressed in further studies.
Then, more sophisticated models, including ATM-specific knock-
down approaches of IL-13 (41) or by using IL-13 knockout mice
(42), may overcome the technical limitations of using neutralizing
Abs, used in the present study. Of note, also a basal activity of
the IL-4Ra has been reported (43). Most importantly, a re-
duced ATM proliferation in obese STAT6 knockout mice (31, 44)
also point to an involvement of the IL-4Ra in obesity-associated
ATM proliferation in vivo.
However, we provide evidence in this study for a distinct M2
phenotype of ATMs in obesity, characterized by an enhanced
Il4ra expression and a high proliferation rate. Of note, IL-6 is
FIGURE 5. IL-6 signaling regulates proliferation of ATMs and Il4ra
expression. (A) Representative flow cytometry plots are shown for BrdU
incorporation of ATMs (CD45+, F4/80+) after depletion of IL-4, IL-13, or
IL-6 by neutralizing Abs, respectively. (B) Bar graph summarizes BrdU
incorporation of ATMs after cytokine depletion (n = 4). (C) Relative gene
expression of Il4ra, Il6ra, and Il13ra1 of AT explants with (grey) or
without (white) IL-6 depletion measured by real-time quantitative PCR
(n = 7–8). (D) Detection of IL-6–producing ATMs (CD45+, F4/80+) in
epididymal AT from obese mice by flow cytometry (n = 3). *p , 0.05,
**p , 0.01.
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also produced by M2-polarized ATMs in obesity and increases
ATM proliferation as well as M2 polarization, presumably due to
upregulation of IL-4Ra expression. Because IL-6 has been shown
previously to increase systemic glucose tolerance and insulin
sensitivity (8–11), the role of IL-6 as a proinflammatory cytokine
and its prognostic value in obesity need to be reconsidered.
Therefore, IL-6 or the IL-4 receptor could be potential targets to
sustain insulin sensitivity in obesity.
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K. Nieber, and K. Spanel-Borowski. 2009. Receptors for NPY and PACAP differ
in expression and activity during adipogenesis in the murine 3T3-L1 fibroblast
cell line. Br. J. Pharmacol. 157: 620–632.
26. Weisberg, S. P., D. Hunter, R. Huber, J. Lemieux, S. Slaymaker, K. Vaddi,
I. Charo, R. L. Leibel, and A. W. Ferrante, Jr. 2006. CCR2 modulates inflam-
matory and metabolic effects of high-fat feeding. J. Clin. Invest. 116: 115–124.
27. Kanda, H., S. Tateya, Y. Tamori, K. Kotani, K. Hiasa, R. Kitazawa, S. Kitazawa,
H. Miyachi, S. Maeda, K. Egashira, and M. Kasuga. 2006. MCP-1 contributes to
macrophage infiltration into adipose tissue, insulin resistance, and hepatic
steatosis in obesity. J. Clin. Invest. 116: 1494–1505.
28. Aziz, A., E. Soucie, S. Sarrazin, and M. H. Sieweke. 2009. MafB/c-Maf defi-
ciency enables self-renewal of differentiated functional macrophages. Science
326: 867–871.
29. Prakash, M. D., M. A. Munoz, R. Jain, P. L. Tong, A. Koskinen, M. Regner,
O. Kleifeld, B. Ho, M. Olson, S. J. Turner, et al. 2014. Granzyme B promotes
cytotoxic lymphocyte transmigration via basement membrane remodeling. Im-
munity 41: 960–972.
30. Jenkins, S. J., D. Ruckerl, P. C. Cook, L. H. Jones, F. D. Finkelman, N. van
Rooijen, A. S. MacDonald, and J. E. Allen. 2011. Local macrophage prolifer-
ation, rather than recruitment from the blood, is a signature of TH2 inflammation.
Science 332: 1284–1288.
31. Zheng, C., Q. Yang, C. Xu, P. Shou, J. Cao, M. Jiang, Q. Chen, G. Cao, Y. Han,
F. Li, et al. 2015. CD11b regulates obesity-induced insulin resistance via limiting
alternative activation and proliferation of adipose tissue macrophages. Proc.
Natl. Acad. Sci. USA 112: E7239–E7248.
32. Murray, P. J., J. E. Allen, S. K. Biswas, E. A. Fisher, D. W. Gilroy, S. Goerdt,
S. Gordon, J. A. Hamilton, L. B. Ivashkiv, T. Lawrence, et al. 2014. Macrophage
activation and polarization: nomenclature and experimental guidelines. [Pub-
lished erratum appears in 2014 Immunity 41: 339–340.] Immunity 41: 14–20.
33. Yamaguchi, R., T. Yamamoto, A. Sakamoto, Y. Ishimaru, S. Narahara,
H. Sugiuchi, E. Hirose, and Y. Yamaguchi. 2015. Mechanism of interleukin-13
production by granulocyte-macrophage colony-stimulating factor-dependent
macrophages via protease-activated receptor-2. Blood Cells Mol. Dis. 55:
21–26.
34. Aoki, M., R. Yamaguchi, T. Yamamoto, Y. Ishimaru, T. Ono, A. Sakamoto,
S. Narahara, H. Sugiuchi, E. Hirose, and Y. Yamaguchi. 2015. Granulocyte-
macrophage colony-stimulating factor primes interleukin-13 production by
macrophages via protease-activated receptor-2. Blood Cells Mol. Dis. 54:
353–359.
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Supplemental Figure S1: Gating strategy
Gating strategies are provided for (A) M1 / M2 differentiation, (B) BrdU (C)
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Supplemental Table S1: Primer list
Primer sequences 5’-3’ used for Real time qPCR analysis of mouse AT.
Gene Forward sequence Reverse sequence
Ipo8 ACAAGCTCTGCTGACTGTGC CAGTGTCCTTCGGTGCTCTG 
GM-CSF CATGCCTGTCACGTTGAATGA TGAAATTGCCCCGTAGACCC 
Il-4 CAGCAACGAAGAACACCACAG AAGCCCGAAAGAGTCTCTGC 
Il4ra GAGGGACCTGGCTTCTGATT CCTTGATGCTCCCAGATCCA 
Il-6 TCCGGAGAGGAGACTTCACA TTGCCATTGCACAACTCTTTTCT 
Il6ra TCATCCATGATGCCTTGCGA TCCTGGGCTCTGCTATCCAA 
Il-10 GGCGCTGTCATCGATTTCTC ATGGCCTTGTAGACACCTTGG 
Il10ra TTGCTCCCATTCCTCGTCAC CTTGGCAGTTCTGTCCCGTA 
Il10rb CTTCTGGTGCCAGCTCTAGG GGAAAGCAGGTACCTCCCAC 
Il-13 TGTGTCTCTCCCTCTGACCC AGGGGAGTCTGGTCTTGTGT 
Il13ra1 GGTGGGCTCTCAGTGTAGTG TCAGGATCACCTTCAGGGGG 
Il13ra2 ACACAGGGCCAGACTCAAAG TGGAGGCTCAATGTGGGTTC 
MCP-1 AAGCTGTAGTTTTTGTCACCAAGC ACCTTAGGGCAGATGCAGTT 
TNFa GTCCCCAAAGGGATGAGAAGT GCTCCTCCACTTGGTGGTTT 
26
3.2. A method for long-term live imaging of tissue macrophages in adipose tissue 
explants 
Martin Gericke1, Ulrike Weyer1, Julia Braune1, Ingo Bechmann1 and Jens Eilers2
1Institute of Anatomy, Leipzig University, Leipzig, Germany 
2Carl-Ludwig Institute of Physiology, Leipzig University, Leipzig, Germany 
27
A method for long-term live imaging of tissue macrophages in adipose
tissue explants
Martin Gericke,1 Ulrike Weyer,1 Julia Braune,1 Ingo Bechmann,1 and Jens Eilers2
1Institute of Anatomy, Leipzig University, Leipzig, Germany; and 2Carl-Ludwig Institute of Physiology, Leipzig University,
Leipzig, Germany
Submitted 19 February 2015; accepted in final form 14 April 2015
Gericke M, Weyer U, Braune J, Bechmann I, Eilers J. A method
for long-term live imaging of tissue macrophages in adipose tissue
explants. Am J Physiol Endocrinol Metab 308: E1023–E1033, 2015.
First published April 14, 2015; doi:10.1152/ajpendo.00075.2015.—
Obesity is frequently associated with a chronic low-grade inflamma-
tion within adipose tissue (AT). Although classical signs of inflam-
mation are missing in AT inflammation, there is a significant increase
in macrophages and, to a lesser extent, other immune cells, such as T
cells, B cells, mast cells, and neutrophils. The spatial and temporal
activation of these cells as well as their accumulation in the AT seem
to be tightly linked to so-called crown-like structures (CLS). CLS are
accumulations of adipose tissue macrophages (ATMs) around dead
adipocytes and are thought to reflect a scavenger response. At present,
data on the life cycle of CLS are missing. To better understand the
cellular events underlying AT inflammation, we developed an ap-
proach that allows long-term imaging of ATMs, adipocytes, and CLS
within live AT explants. We tested three putative reporter mouse lines
for myeloid cells in regard to their suitability for live imaging.
Thereby, we identified ATMs from CSF1R-eGFP mice to exhibit the
most robust expression of eGFP. AT explants from these mice
allowed stable live imaging for more than 7 days without significant
phototoxicity. Long-term imaging thus revealed the accumulation of
ATMs around dying adipocytes, migration of ATMs within AT, and
also the degradation of the lipid remnants of perishing adipocytes. The
observed behavior of ATMs in the context of AT inflammation is in
line with previous studies but for the first time provides data on the
specific behavior of individual ATMs and on the life cycle of CLS
with unprecedented spatiotemporal resolution.
obesity; inflammation; adipocytes; crown-like structures; macro-
phages; live imaging
OBESITY AND DIABETES are associated diseases, but the molecular
link between them is still ill-defined. In 2003, the first evidence
was reported that obesity is frequently associated with a
chronic low-grade inflammation within white adipose tissue
(AT) (43), which represents a crucial step in the development
of type 2 diabetes (20). In the past decade, many immunolog-
ical characteristics of obesity-associated AT inflammation have
been studied. To date, a well-accepted concept of the patho-
genesis of the obesity-associated AT inflammation is that
adipocyte hypertrophy and cellular stress in adipocytes cause
adipocyte death. Subsequently, adipose tissue macrophages
(ATMs) infiltrate the AT to accumulate around dead adi-
pocytes (3, 30). This formation of so-called crown-like struc-
tures (CLS) is a unique hallmark of AT inflammation, and the
number of CLS increases with obesity (13). However, apopto-
tic (12) and necrotic (6) adipocyte death has been described in
obesity. Furthermore, adipocyte death can be induced in a
genetic model of lipodystrophy (30) or by mechanical altera-
tion using a needle injury (22). However, all these models of
adipocyte death cause comparable morphological characteris-
tics, including macrophages acting as scavenger cells accumu-
lating around the dead adipocyte and thereby forming charac-
teristic CLS. Interestingly, a small number of CLS are also
found in AT from lean mice, suggesting that they also play a
physiological role in AT homeostasis (13). Most importantly,
CLS are the primary site of adipocyte precursor and macro-
phage proliferation (13, 22), antigen presentation (29), and
immune cell activation (25). However, despite the functional
importance of CLS, our understanding of the cellular dynamics
after adipocyte death is limited.
To study AT inflammation, CLS can be induced by feeding
mice a high-caloric fat-enriched diet (HFD) for several months.
In this model, treatment of AT inflammation by anti-inflam-
matory drugs or depletion of immune cells reduces inflamma-
tion and increases insulin sensitivity (9, 24, 31). Applying this
strategy to several conditional knockout models, recruitment
and activation of ATMs has been studied, revealing potential
pharmacological targets for treatment of diabetes, such as the
chemokine receptor 2 (19, 42). Furthermore, different subsets
of macrophages have been characterized based on the expres-
sion of surface markers (4). Accordingly, different functions of
distinct ATM subsets have been implicated by expression
analyses for proinflammatory cytokines, costimulatory mole-
cules, or scavenger receptors (26, 46). Finally, correlation of
distinct subsets of ATMs to the onset of insulin resistance has
also supported a functional heterogeneity of these cells. How-
ever, since anti-inflammatory ATMs also contribute to proin-
flammatory cytokine secretion and monocyte recruitment (28,
44), a clear-cut discrimination of diabetogenic and protective
ATM subsets is impossible.
New imaging technologies have broadened our understand-
ing of cell-cell interactions in many fundamental processes in
health and disease (1, 21). Hence, live-imaging strategies could
also give new insights into AT inflammation. For instance,
intravital live imaging of AT has confirmed an enhanced
immune cell recruitment into AT in obese mice (32). A less
invasive, bioluminescence-based imaging approach allowed
studying the progress and expansion of AT inflammation in
mice during a HFD (10). However, as of today, direct cellular
interactions of ATMs and adipocytes have never been studied.
Furthermore, the dynamic behavior of individual ATMs, po-
tentially belonging to distinct functional groups, within healthy
or inflamed AT is unknown.
We have established long-term imaging of ATMs in live AT
explants, allowing the analysis of cell dynamics for more than
7 days. For the first time, we were able to observe the
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accumulation of ATMs around a dying adipocyte (formation of
CLS), the migration of ATMs toward the CLS and out of the
CLS, different migratory behaviors of ATMs, and the degra-
dation of dead adipocytes. Our approach can be used for
studying the impact of various physiological and pathophysi-
ological conditions on adipocyte death, on scavenging of
perishing adipocytes by ATMs, and on the life cycle of CLS.
Direct observation of cellular behavior in situ may spur phar-
macological and genetic studies in the field of AT immunol-
ogy.
MATERIALS AND METHODS
Experimental animals. Mouse strains were maintained in the local
animal facility on a 12:12-h light-dark cycle with free access to food
and water. We studied three different commonly used reporter mouse
lines: CD11c-DTR/GFP (18), CX3CR1-eGFP (17), and CSF1R-eGFP
(37) mice as well as wild-type mice (C57BL/6J) serving as controls.
All mice were male. Reporter mice were heterozygous on a C57BL/6J
background. Littermates were fed a chow diet (chow, 9% kcal fat;
Ssniff-Spezialdiäten; Soest, Germany) or a HFD (60% kcal fat; Ssniff)
for 24 wk starting at 6 wk of age. Body weight was monitored weekly.
All experiments were approved by the local state and university
authorities.
Flow cytometry. Flow cytometry of mouse epididymal AT was
done as described previously (13). Briefly, after dissection and diges-
tion, the cell suspension was filtered through a 75-!m mesh. Next, Fc
receptors of the cells were blocked using anti-CD16/32 (1:100;
eBioscience, San Diego, CA) for 15 min on ice. Subsequently, cells
were stained with anti-CD45-e780 (1:200), anti-F4/80-PE-Cy7, anti-
CD11c-PE, (all 1:100, eBioscience), and anti-CD206-Alexa 647 (1:
50; AbD Serotec, Kidlington, UK). Finally, 7-AAD (BD Pharmingen,
Heidelberg, Germany) staining was used to exclude dead cells. Anal-
ysis was performed using an LSR II (BD Pharmingen) equipped with
FACS Diva software v. 8.0. Quantification was performed using
FlowJo software v. 10.0.5 (Tree Star, Ashland, OR).
Live imaging of AT explants. Male reporter mice were fed either a
chow diet or a HFD for 24 wk for inducing an increase in CLS
formation. After the mice were euthanized, the rostral part of the
epididymal white adipose tissue (EWAT) was dissected under sterile
conditions and placed in a culture dish filled with PBS (Life Tech-
nologies, Darmstadt, Germany). Using a sterile razor blade, AT was
cut into tissue blocks of " 1 mm3. These AT explants were stained
with 0.1 !g/ml Bodipy 558/568 C12 [4,4-difluoro-5-(2-thienyl)-4-
bora-3a,4a-diaza-s-indacene-3-dodecanoic acid, Life Technologies] in
1 ml of RPMI medium (Life Technologies) supplemented with a 1%
insulin-transferrin-selenium mixture [1.0 mg/ml bovine insulin, 0.55
mg/ml human transferrin (iron-free), and 0.5 !g/ml sodium selenite;
Sigma-Aldrich] and antibiotics (100 U/ml penicillin and streptomy-
cin; Sigma-Aldrich) in 2-ml Eppendorf tubes for 1 h at continuous
rotation (" 8 turns per minute) at room temperature. For visualization
of blood vessels and for distinguishing between M1 and M2 macro-
phages, Alexa fluor 647-conjugated isolectin Griffonia simplicifolia
IB4 (IB4, Life Technologies) was applied at a final concentration of
10 !g/ml in a subset of experiments. Subsequently, AT explants were
washed once again in PBS and transferred to a six-well plate filled
with 2 ml of the same supplemented RPMI medium. AT explants were
immobilized at the bottom of the wells by placing a sterile cell culture
insert (Millipore, Billerica, MA) on top of the explant (see Fig. 2, B
and C). For long-term imaging (# 72 h), the culture medium was
substituted every other day. AT explants were kept overnight at 5%
CO2-21% O2 and 37°C to allow for flattening and stabilization of the
tissue. Starting on the next day (day 0), live imaging was performed
using an inverted FV300 confocal microscope (Olympus, Hamburg,
Germany; Fig. 2B). GFP and Bodipy 558/568 were excited by using
a 488-nm argon laser or a helium-neon 543-nm laser, respectively
(Fig. 2D). Emission was collected through appropriate narrow band-
pass filters (AHF Analysetechnik, Tübingen, Germany). A computer-
controlled motorized scanning stage (Prior Scientific, Jena, Germany)
allowed imaging of multiple positions within the same explant, from
different explants in the same dish or from explants in neighboring
dishes. During continuous live imaging, AT explants were maintained
at 5% CO2-21% O2 and 37°C temperature (CTI-Controller 3700
Digital, an O2-Controller and a Tempcontrol 37-2 Digital 2-Channel;
all from PeCon, Erbach, Germany). At each position, Z-stacks (20–50
!m in height) of images were collected at 2-!m intervals. Stacks were
recorded every 10 min for studying cell migration (see Fig. 5) or every
hour to assess morphological changes such as CLS formation (see
Figs. 3, 4, and 6). Time lapse movies were calculated by custom-
written routines using ImageJ software v. 1.47 (39). Briefly, for each
position and each fluorescence channel, Z-planes of single images
were flattened to an XY image using the “sum slices” function.
Single-channel movies were obtained by concatenating XY images.
Finally, movies of each fluorescence channel were merged to a time
lapse multicolor movie. Movements in X or Y were adjusted using the
StackReg plugin (40).
For stitching of multiple images, image tiles were automatically
recorded at XY positions having 5% overlap as calculated by Fluo-
View300 software (Olympus). Images were combined by using the
Fiji software 2.0 (38) and a Fiji stitching plugin (35). Cell tracking of
individual ATMs was performed using ImageJ and the Manual Track-
ing plugin. Migration plots were generated using the Chemotaxis and
Migration Tool V2.0 (ibidi, Martinsried, Germany).
Troubleshooting and optimization of the imaging procedure. While
establishing our method, we faced three major problems: 1) mechan-
ical instability of the explant, 2) outgrowth of ATMs from the explant
onto the plastic surface of the cell culture dish, and 3 ) bleaching of the
lipid staining. To increase mechanical stability and to circumvent
imaging problems due to a shift in XY- or Z-axis, the explants were
prepared the day before the start of the imaging procedure. For
optimal imaging condition, the entire imaging set-up was prewarmed
overnight to 37°C, avoiding shifts due to temperature differences. We
learned that, during use of a motorized scanning stage to image multiple
spots, glass coverslips should be avoided in order to evade movement-
related shifts of the explants. In general, however, better mechanical
stability was often combined with a higher tendency of macrophages to
migrate out of the explant onto the plastic surface. In our experience,
this cannot be totally avoided. Using serum-free conditions, out-
growth of ATMs could be limited to a minimum. Moreover, after
overnight incubation spots or explants with ATM outgrowth were
already visible and could be avoided for the imaging procedure.
Photobleaching, a common problem of long-term live imaging, af-
fected our lipid staining. Constant supplementation of 0.1 !g/ml
Bodipy 558/568 C12 to the cell culture medium, however, perfectly
balanced the dye fading, allowing for more than 300 stacks of images
to be obtained at a relatively constant brightness.
Post hoc live/dead staining. After completion of live imaging, AT
explants were harvested and stained in 1 ml of prewarmed cell culture
medium supplemented with Hoechst 33342 (1:2,000) and ToPro3
(1:500; both Life Technologies). AT explants were incubated for 30
min at continuous rotation. Subsequently, AT explants were placed in
a six-well plate and fixed with a cell culture insert as described above.
Hoechst and ToPro3 stainings were imaged at a confocal microscope
using a LD405-nm or a 633-nm helium-neon laser, respectively.
Statistical analysis. Data are presented as means $ SE of 4–5
wild-type and 8–12 reporter mice per group. Statistical significance
was evaluated by either Student’s t-test or, for multiple comparisons,
the Student-Newman-Keuls method as indicated (GraphPad Prism
6.0; GraphPad Software, La Jolla, CA). P values of % 0.05 were
considered to be statistically significant, values of % 0.0001 to be
highly significant.
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RESULTS
CSF1R-eGFP reporter mice are well suited for live imaging
of AT inflammation. We compared three different mouse lines
known to express GFP in subsets of macrophages [CD11c-
DTR/GFP (18), CX3CR1-eGFP (17), and CSF1R-eGFP (37);
heterozygous animals] for their susceptibility to diet-induced
AT inflammation and their GFP expression. Wild-type litter-
mates (C57BL/6J) were used as controls. Within 24 wk of a
HFD, all strains gained significant body weight (50–60 g)
compared with chow-fed littermates (" 30 g, P % 0.001; Fig. 1A).
The HFD induced a significant shift in the immune phenotype
of ATMs from a preferential M2 polarization in chow-fed mice
to a more classically activated M1 polarization in mice after
HFD. In each mouse line, the percentage of M1-polarized
ATMs (CD206& , CD11c' ) significantly increased (P % 0.01)
upon HFD (Fig. 1, B and C), whereas the percentage of
M2-polarized ATMs (CD206' , CD11c& ) decreased (P %
0.001; Fig. 1, B and D). Hence, all mouse lines developed a
substantial diet-induced AT inflammation.
For live imaging, GFP expression in ATMs should be strong
and homogenous to allow visualization of more or less all
ATMs within the tissue. We therefore quantified the fraction of
GFP-positive cells in each strain of reporter mice by flow
cytometry for the macrophage marker F4/80 and GFP (Fig.
1E). In CD11c-DTR/GFP' /& mice, less than 10% of all ATMs
in chow and HFD-fed animals expressed GFP, with no signif-
icant difference between the dietary groups (Fig. 1F). GFP-
positive ATMs were more frequent in CX3CR1-eGFP' /&
mice, reaching 36 and 23% for chow- and HFD-fed animals,
respectively. The difference in the two dietary groups was
highly significant (P % 0.001). It may be explained by a
relative decrease of M2 macrophages, which express CX3CR1
(44). The largest fraction of GFP-positive ATMs was found in
CSF1R-eGFP' /& mice, reaching more than 90% in the chow
and HFD groups (Fig. 1F). Of note, in all reporter mice a
fraction of GFP-expressing leukocytes did not express the
macrophage marker F4/80, as shown for CSF1R-eGFP mice in
Fig. 1E. In lean reporter mice, 34% (CD11c-DTR/GFP) or
21% (CX3CR1-eGFP and CSF1R-eGFP) of GFP-expressing
cells did not express F4/80. In obese mice, GFP-expressing
non-ATMs were less frequent. Here, 9, 15, and 15% of GFP
cells in CD11c-DTR/GFP, CX3CR1-eGFP, and CSF1R-eGFP
mice, respectively, could not be identified as macrophages.
However, GFP expression in these F4/80-negative cells was
substantially weaker than in ATMs (see, for example, Fig. 1E).
None of the wild-type mice showed GFP expression. Taken
together, the CSF1R-eGFP' /& mouse line represents an ideal
reporter line for live-cell imaging of ATMs in both healthy and
inflamed AT.
Long-term imaging of AT inflammation in AT explants.
GFP-positive ATMs and Bodipy-stained adipocytes were im-
aged in live AT explants with a confocal laser scanning
microscope (Fig. 2). In chow-fed mice, ATMs were homog-
enously distributed within the AT and exhibited a heteroge-
Fig. 1. CSF1R-eGFP' /& mice are highly
suitable for imaging adipose tissue macro-
phages (ATMs). A: body weight of adult
wild-type mice (WT, C57BL6/J) and 3 dif-
ferent macrophage reporter lines (CD11c-
DTR/GFP, CX3CR1-eGFP, and CSF1R-
eGFP; heterozygous mice) after 24 wk of
standard (chow, open bars) or high-fat diet
(HFD, filled bars) (n ( 5–12 mice per
group). B: representative FACS plots for
CD11c and CD206 of ATMs (after gating to
7-AAD' , CD45' , and F4/80' ATMs) from
individual CSF1R-eGFP mice receiving
chow (open bars) or HFD (filled bars). C and
D: percentages of M1-polarized ATMs
(CD11c' , CD206& ; C) and M2-polarized
ATMs (CD11c& , CD206' ; D) in the differ-
ent lines and diets (n ( 5–12 mice per
group). E: representative FACS plots from
individual CSF1R-eGFP mice receiving
chow (open bars) or HFD (filled bars). Anal-
ysis was performed for F4/80 and GFP. F:
corresponding average data of the different
lines and diets. In A, C, D, and F, data are
presented as means $ SE; statistical signif-
icance was tested using Student’s t-test com-
paring chow- and HFD-fed littermates.
Comparisons between mouse lines (F) were
performed with the Student-Newman-Keuls
test. *P ! 0.05, **P ! 0.01, ***P ! 0.001
in all panels.
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neous morphology, ranging from spheroid shaped to being
highly ramified. Signs of adipocyte death with the typical
accumulation of ATMs, so-called CLS, were rarely found
(absent in Fig. 3A left). In sharp contrast, in AT from HFD-fed
mice the vast majority of GFP-positive ATMs formed CLS
(asterisks, Fig. 3A right), much fewer ATMs resided in the
interstitial spaces between hypertrophic adipocytes, showing
no visible connection to CLS.
Live-cell imaging of AT explants from HFD-fed mice was
performed to study cellular dynamics of AT inflammation. We
found live imaging with a frame rate of one image per hour to
be stable for at least 7 days. The majority of CLS were also
stable for such long time periods (asterisks, Fig. 3B) with no
signs of shrinkage or cell death. Although most CLS were
rather stable in size, ATMs within CLS were scanning the
central adipocyte with a surprisingly high mobility (Supple-
mentary Movie 1; supplemental materials are available, linked
to the online version of this article).
Cell death of ATMs or adipocytes was easily detectable by
the following morphological criteria. Cell death of adipocytes
is frequently associated with the accumulation of ATMs and
the formation of a CLS. Cell death of macrophages was
detected by cell rounding, loss of motility, cell blebbing, and,
finally, loss of GFP expression. In general, cell death of either
adipocytes or ATMs was a rare observation. To further confirm
the high viability of our AT explants, we performed a live/dead
discrimination after 7 days ex vivo, using ToPro3 and Hoechst
33342, which stain nuclei of dying cells or nuclei of all cells,
respectively (32). In line, post hoc live/dead staining detected
only a small number of dead or dying (ToPro3-positive) cells
even after 7 days of continuous imaging (Fig. 3C).
Formation of CLS can be observed by long-term live
imaging. Our long-term live-imaging approach also allowed
observation of the formation of newly developing CLS. Typ-
ically, one ATM recognized a presumably damaged adipocyte
and subsequently became attached to it (arrow, Fig. 4, “15 h”).
Subsequently, more ATMs were attracted to the dying adi-
pocyte, forming a CLS (arrows, Fig. 4, “30 h” to “148 h”).
Formation of new CLS typically took several days (Fig. 4 and
Supplementary Movie 2).
Live imaging unravels heterogeneity of ATMs during AT
inflammation. Our live-imaging approach allowed high-resolu-
tion tracking of the migration of individual ATMs in live AT,
specifically in the vicinity of preexisting CLS. Increasing the
imaging speed to one image per 10 min revealed that subsets of
ATMs exhibit remarkably different migratory behaviors, sug-
gesting that different ATMs subserve distinct functions. For
instance, some ATMs resided at a given location for at least 24
h, even when in close proximity to a focal spot of inflamma-
tion, i.e., a CLS. Often, these cells were ramified and scanned
their environment by using their cell protrusions (arrow, Fig. 5A).
Patrolling ATMs were also observed; these cells migrated
through the interstitial spaces between adipocytes without
getting attached to CLS (Fig. 5B). CLS-associated ATMs that
Fig. 2. Procedure for live imaging in AT explants. A: Flow
chart summarizing the working sequence of preparing,
staining, and live imaging of AT explants. B: schema of
the live imaging set-up. Arrow indicates continuous flow
of humidified warm gas. Block of AT is depicted in
yellow, bathing solution in red. Immobilizing insert is in
gray, its membrane as a dashed line. Objective represents
the inverted confocal microscope. C: photograph of 4 AT
explants immobilized in a culture dish. Boxed region
refers to D. D: confocal fluorescence image (stitched from
5 ) 5 image tiles) of an entire AT explant from a
CSF1R-eGFP mouse. Individual and crown-like structure
(CLS)-forming ATMs are in green, adipocytes in blue
(Bodipy staining). Scale bars, 5 mm and 1 mm in C and D,
respectively.
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emigrated out of the CLS were frequently observed (Fig. 5C).
Our imaging approach allowed discrimination of emigrating
ATMs from interstitial ATMs, which were not associated with
CLS but occasionally entered a CLS. In the latter cases, ATMs
interacted with the central adipocyte for only a short period of
time, without signs of attachment to the CLS (Fig. 5D and
Supplemental Movie 3). To further distinguish between M1
and M2 macrophages, IB4 was applied, which selectively
Fig. 3. Stable long-term live imaging of inflammation in
AT explants. A: representative images of live AT explants
from CSF1R-eGFP' /& mice on either a chow (left) or a
HFD (right). ATMs express eGFP (green); adipocytes are
stained with Bodipy (blue). In this and the following
figures, asterisks denote adipocytes surrounded by CLS. B:
long-term live imaging of ATMs, adipocytes, and CLS
with representative images taken on days 0, 2, 4 , and 7 of
the imaging session. The corresponding movie file re-
corded at one frame per hour is available online (Supple-
mentary Movie 1). Note the stability of CLS and adi-
pocytes and the concurrent surveillance activity of single
ATMs. C, left: post hoc live/dead staining using Hoechst
33342 (nuclei of all cells, blue) and dead cell nuclear
marker ToPro3 (red) of a CLS in an AT explant taken at
day 7 of the imaging session. ATMs are in green, cell
nuclei in blue (Hoechst staining), and adipocytes in gray.
Right: the same image with nuclear and live/dead staining
only. Arrow denotes a putative ToPro3-positive ATM.
Scale bars, 50 !m.
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binds M1 macrophages in CLS (25, 44) as well as endothelial
cells. Hence, IB4-positive (M1; arrowhead, Fig. 5E) and IB4-
negative (M2; arrow, Fig. 5E) ATMs can be studied. Since the
number of IB4-positive ATMs increased during image acqui-
sition (possibly due to uptake of IB4-stained cell debris by M2
macrophages) we defined M1- and M2-polarized ATMs based
on the first image. Analyzed over the first 10 h, without
overnight incubation, M2 macrophages exhibited a 10-fold
higher migration velocity (0.1 !m/min vs. 1.4 !m/min) and a
5-fold higher accumulated migration distance (35 !m vs. 189
!m) than M1 macrophages as presented by migration plots
(Fig. 5E, middle and right).
Live imaging of adipocyte degradation in CLS. Most CLS
remained stable for up to 7 days in the explants, suggesting
rather slow dynamics of the degradation of the dying adipocyte
in the center of the CLS. However, we routinely observed
smaller adipocytes or lipid remnants in CLS, which may
represent later stages in the life cycle of CLS. In line with
this interpretation, long-term live imaging of such structures
revealed that the size of the small adipocyte in the center of
the CLS was reduced over time (circle, Fig. 6B). Further-
more, surrounding ATMs exhibited strong Bodipy staining,
indicating substantial lipid accumulation within these ATMs
(arrow, Fig. 6, A and B). However, the amount of lipid
Fig. 4. Live imaging of CLS formation. AT
explant from a CSF1R-eGFP' /& mouse on
HFD. Representative images from a 6-day-
long movie; time points are indicated in top
left. ATMs express eGFP (green); adi-
pocytes were stained with Bodipy (blue).
Asterisk marks the adipocyte in the center of
the newly formed CLS. Accumulating
ATMs are indicated by arrows. Scale bar, 50
!m. The corresponding movie file recorded
at one frame per hour is available online
(Supplementary Movie 2); it shows that the
CLS formation accelerated around the 20th
and the 130th hours.
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Fig. 5. Live imaging of ATMs functional heterogeneity. A–D: AT explant from a CSF1R-eGFP' /& mouse on HFD. Representative images from a 1-day-long
movie taken at high temporal resolution (1 frame per 10 min); time points are indicated in bottom right. ATMs express eGFP (green); adipocytes were stained
with Bodipy (blue); asterisk denotes a CLS. A: white arrow marks an ATM that remained at a stable position in close proximity to the CLS. B: white arrow marks
an ATM that patrolled (yellow arrows) the tissue. C: an ATM that emigrated out of the CLS. D: an ATM that immigrated into the CLS. The corresponding movie
file is available online (Supplementary Movie 3). E: AT explant from a CSF1R-eGFP' /& mouse on HFD stained with IB4 (red) to distinguish between
IB4-positive (M1, arrowhead) and IB4-negative (M2, arrow) ATMs (left). Migration plots are presented for M1 (middle) and M2 ATMs over 10 h; blue cross
marks position of cells at the beginning of the imaging session. Scale bar, 50 !m.
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accumulation varied between ATMs (arrowhead, Fig. 6, A
and B).
DISCUSSION
CLS are dynamic accumulations of immune cells, preferen-
tially macrophages, around dying adipocytes (6). Importantly,
the number of CLS increases with obesity and is a robust sign
of AT inflammation in mice and humans (2, 13). Hence,
studying the life cycle of CLS as well as the cellular dynamics
of ATMs and adipocytes in general may provide further in-
sights into healthy and inflamed AT.
Aiming at establishing a live-imaging approach to study AT
inflammation, we first characterized three different reporter
lines for myeloid cells (CD11c-DTR/GFP, CX3CR1-eGFP and
CSF1R-eGFP), which were studied as heterozygotes. We here
show that CSR1R-eGFP mice have a strong eGFP expression
Fig. 6. Degradation of dead adipocytes ob-
served by long-term live imaging. A and B:
AT explant from a CSF1R-eGFP' /& mouse
on HFD. Representative images from a
4-day-long movie recorded at one frame per
hour. ATMs express eGFP (green); adi-
pocytes were stained with Bodipy (blue).
Images on the left (A) show GFP and Bodipy
fluorescence; images on the right (B) show
the Bodipy signal only, highlighting the deg-
radation of the dying adipocyte within the
CLS (delineated by a yellow dashed oval)
over time. Arrow indicates an example of a
lipid-laden ATM (foam cell), identifiable by
its substantially higher lipid content (Bodipy
signal) compared with other ATMs (exam-
ple marked by arrowhead). Scale bars, 20
!m. The corresponding movie file (showing
a wider field of view) is available online
(Supplementary Movie 4).
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in over 90% of all ATMs independent of the state of inflam-
mation; hence, behavioral properties and functionality of
ATMs can be studied without a bias of a selective GFP
expression. Of note, GFP expression in neutrophils has also
been described in this mouse model (15). In line with this, in
lean and obese CSF1R-eGFP mice, we also found between 20
and 15% of GFP-expressing cells, respectively, which could
not be identified as macrophages. In comparison, the numbers
of GFP-expressing non-ATMs in obese CD11c-DTR/GFP and
CX3CR1-eGFP mice were similar (9 and 15%), and both
promoters have been shown to be expressed in other leukocytes
such as T cells (16, 41). Selective genetic targeting of macro-
phages is difficult, as has been reviewed before (15). However,
we here report that over 90% of ATMs express GFP, and over
80% of GFP-expressing cells could be identified as mature
F4/80-positive macrophages. In addition, GFP-expressing cells
exhibit macrophage morphology with typical cell protrusions,
suggesting that CSF1R-eGFP mice represent a valuable tool
for studying ATMs in vivo and ex vivo.
Although CD11c-DTR/GFP and CX3CR1-eGFP mice also
develop a diet-induced AT inflammation, overall GFP expres-
sion in ATMs was low. However, these mouse strains may be
used to further distinguish between different subsets of ATMs.
In fact, CX3CR1 has been reported to be most prominent in
M0-polarized (negative for CD206 and CD11c) ATMs (47),
whereas CD11c expression is one of the hallmarks of M1
macrophages and increases during obesity (26). Despite a
relative increase in CD11c-positive-stained ATMs in obese
CD11c-DTR/GFP mice, GFP expression did not significantly
increase upon HFD feeding. Furthermore, GFP was not con-
sistently expressed in CD11c-positive-stained ATMs in this
mouse strain. This might be explained by 1) a low expression
of the transgene, 2) the expression of GFP instead of eGFP in
these mice, or 3 ) the fusion of GFP with the diphtheria toxin
receptor in this mouse model, which could also cause rapid
degradation of the fusion protein (18). To circumvent these
issues, a CD11c-eYFP mouse line had been developed, which
is now widely used for live-imaging approaches (23) and might
also be suitable for live imaging of CD11c-positive cells in AT.
Importantly, other immune cells, such as T cells (31), B cells
(45), NK cells (33), and mast cells (8) also contribute to AT
inflammation in obesity. Reporter lines for these cells could
easily be used with our imaging approach. However, the
increase of ATMs and the formation of CLS are common end
points of obesity-associated AT inflammation. Furthermore,
depletion or pharmacological targeting of other immune cells
also affects ATMs and CLS density (31, 33).
We here introduced a long-term imaging approach using AT
explants. Organotypic slice cultures or embryonic organ cul-
tures have been used before to study cell behavior continuously
with single-cell resolution over several days (11, 34). Of note,
the lack of physiological blood perfusion is a major disadvan-
tage of these ex vivo models. In contrast, intravital imaging in
anesthetized animals with intact tissue perfusion is limited to
" 4 h (27, 36). Although both approaches have specific bene-
fits, the cellular dynamics of AT inflammation in obesity
ultimately demand the possibility of performing high-resolu-
tion microscopic imaging in well-preserved tissue from adult
animals or even humans over several days. Our approach
allows cell tracking of individual cells in living AT over at
least one week. By applying IB4 staining, we were also able to
distinguish between M1 (IB4-positive) and M2 (IB4-negative)
ATMs, as reported before (25, 44), and could analyze differ-
ences between these macrophage subsets in regard to migration
velocity and migrated distance. IB4 binding could also impair
ATM migration; however, a few IB4-positive ATMs were able
to migrate as fast as the IB4-negative ATMs. Moreover, our
finding that most IB4-positive ATMs lack significant motility
is in agreement with Cho et al. (5), who studied ATMs from a
CD11c-mCherry reporter mouse line over 20 min in vivo. A
double-reporter mouse using CD11c-mCherry and the CSF1R-
eGFP mouse would allow the study of the migratory behavior
of ATM subsets without the need of additional staining.
Most importantly, our data indicate that the turnover of CLS
(formation of new CLS with subsequent degradation of the
central adipocytes) takes several days. Therefore, a long-term
imaging approach seems mandatory. Although these processes
have never been directly observed before, some in vivo data
also point to slow dynamics in CLS turnover. For instance,
after induction of adipocyte death in a transgenic mouse model
of lipodystrophy, an increase of CLS was first detectable after
2 days in mesenteric AT and after 3 days in epididymal AT.
Interestingly, after the occurrence of dead adipocytes in this
model, the formation of CLS was delayed by at least 24 h (30).
These data suggest that our findings on the formation of new
CLS in AT explants reflect the physiological situation after
adipocyte death in vivo. Interestingly, the inflammatory re-
sponse characterized by the occurrence of a high number of
CLS was most prominent 3 days after the induction of adi-
pocyte death (30). A similar spatiotemporal response has been
reported after localized tissue damage of AT by mechanical
needle injury. Here, the inflammatory response was still evi-
dent after 3 and 10 days (22). Both studies suggest that the
degradation of dead adipocytes also takes several days in vivo,
a time course that is easy to study with our imaging approach.
Besides its advantages, continuous long-term imaging has
the potential to damage the cells under study due to phototox-
icity. Phototoxicity is a major concern in long-term live imag-
ing due to production of reactive oxygen species and free
radicals (7). In our experience, short-wavelength light, espe-
cially using a 405-nm laser, also injures living cells. However,
using 488-nm and 543-nm laser light to excite eGFP and
Bodipy 558/568, respectively, did not lead to detectable cell
death over 7 days of live imaging (at a rate of one frame per
hour). To further decrease phototoxic damage, Bodipy 558/568
can also be excited by a 488-nm laser, allowing simultaneous
detection of eGFP and Bodipy 558/568 with appropriate emis-
sion filters. In general, fluorescent proteins or dyes with exci-
tation spectra of longer wavelength, such as red or far-red,
would be favorable over GFP, since long-wavelength light is
less scattered in tissue and therefore would allow for a better
depth resolution. Similarly, two-photon excitation may signif-
icantly enhance the depth resolution as well as the long-term
stability of our imaging approach (14). Two-photon micros-
copy will also be the gold standard for translating our technical
approach to live animals.
Taken together, our long-term imaging approach of AT
explants represents a viable and stable method for analyzing
AT inflammation on the single-cell level over a period of
several days. Our method can easily be adapted to other mouse
reporter lines for studying different immune cells and specific
cell-cell interactions in the context of obesity-induced AT
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inflammation. For instance, the phagocytosis of dead cells or
free macrolipids can be analyzed in living AT, which repre-
sents a fundamental function of ATMs. Studying these pro-
cesses may shed light on the underrepresented beneficial as-
pects of an AT inflammation in obesity. Furthermore, combin-
ing our approach with second messenger imaging (e.g., for
Ca2' or cAMP) in adipocytes and ATMs may boost our
understanding of the molecular events of cell-cell interactions
in health and obesity.
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Abstract
Aims/hypothesis Recently, hedgehog (Hh) was identified as a
crucial player in adipose tissue development and energy
expenditure. Therefore, we tested whether Hh ligands are
regulated in obesity. Further, we aimed at identifying potential
target cells of Hh signalling and studied the functional impact
of Hh signalling on adipose tissue inflammation and glucose
metabolism.
Methods Hh ligands and receptors were analysed in adipose
tissue or serum from lean and obese mice as well as in
humans. To study the impact on adipose tissue inflammation
and glucose metabolism, Hh signalling was specifically
blocked in myeloid cells using a conditional knockout
approach (Lys-Smo−/−).
Results Desert Hh (DHH) and Indian Hh (IHH) are local Hh
ligands, whereas Sonic Hh is not expressed in adipose tissue
from mice or humans. In mice, obesity leads to a preferential
upregulation of Hh ligands (Dhh) and signalling components
(Ptch1, Smo and Gli1) in subcutaneous adipose tissue.
Further, adipose tissue macrophages are Hh target cells owing
to the expression of Hh receptors, such as Patched1 and 2.
Conditional knockout of Smo (which encodes Smoothened,
a mandatory Hh signalling component) in myeloid cells
increases body weight and adipose tissue inflammation and
attenuates glucose tolerance, suggesting an anti-inflammatory
effect of Hh signalling. In humans, adipose tissue expression
of DHH and serum IHH decrease with obesity and type 2
diabetes, which might be explained by the intake of metfor-
min. Interestingly, metformin reducedDhh and Ihh expression
in mouse adipose tissue explants.
Conclusions/interpretation Hh signalling in myeloid cells
affects adipose tissue inflammation and glucose metabolism
and may be a potential target to treat type 2 diabetes.
Keywords Adipose tissue . Diabetes . Glucose tolerance .
Hedgehog . Inflammation .Macrophages . Obesity . Smo
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WAT White adipose tissue
Introduction
One of the major health problems in Western societies is an
unbalanced energy metabolism, which increases the risk of
obesity and associated pathologies including hypertension,
coronary heart disease, stroke, several types of cancer and type
2 diabetes [1]. Obesity is associated with a chronic low-grade
inflammation within adipose tissue and an increase in immune
cells, specifically macrophages [2–4]. Adipose tissue macro-
phages (ATMs) accumulate around dying adipocytes and
generate characteristic crown-like structures (CLS). In
addition, the immune phenotype of ATMs in obesity shifts
from an alternatively activated (M2) to a classically activated
(M1) phenotype [5].M1macrophages secrete proinflammatory
cytokines, such as IL-1β or TNFα [6], and are therefore
referred to as proinflammatory macrophages. Importantly,
infiltration of ATMs is the strongest independent predictor of
insulin resistance. Moreover, adipose tissue inflammation
strongly correlates with hepatosteatosis [7, 8].
In 1980, Nüsslein-Volhard and Wieschaus discovered
the evolutionarily conserved hedgehog (Hh) gene [9].
Since then, Hh has been implicated in many fundamental
processes in embryo development including cell growth,
survival, fate and patterning [10] as well as in maintenance
of adult stem cell niches [11]. Furthermore, dysregulation
of Hh signalling contributes to various pathologies, most
notably different kinds of cancers [12], developmental
disorders [13] and human syndromes, such as Bardet–
Biedl syndrome [14].
After binding of Hh ligands, the inhibitory association of
the Patched receptor with its co-receptor Smoothened (SMO)
is removed. Subsequently, GLI (GLI-Kruppel family member
GLI1) transcription factors translocate to the nucleus and
modulate specific target genes. Hh family ligands, including
Sonic (SHH), Indian (IHH) and Desert hedgehog (DHH)
require autoprocessive cleavage as well as post-translational
modifications. In this context, the hedgehog acyltransferase
(HHAT) is responsible for palmitoylation and subsequent
secretion of Hh [15, 16].
Hh signalling has recently been implicated in adipose
tissue regulation [17–19]. For instance, adipocyte differentiation
is inhibited in vitro and in vivo by Hh signalling [17, 18]. Hh
represents a crucial element in adipose tissue development in
mammals as fat specific Hh activation in mice led to a total loss
of white (WAT), but not brown adipose tissue (BAT). Thus,
WAT and BAT adipogenesis are differentially regulated by Hh
[18]. Further, Hh signalling reprograms cellular metabolism
toward a Warburg-like glycolytic state via an additional,
non-canonical Hh signalling pathway [20]. In humans, the
impact of dysfunctional Hh signalling is further displayed in
the genetic disorder Bardet–Biedl syndrome, which is
characterised by defects in multiple organ systems, truncal
obesity and diabetes [21].
The present study aimed to explore the regulation of Hh
ligands and its signalling components in obesity. Our
hypothesis is that dysregulation of Hh ligands could
contribute to obesity-associated diseases, such as type 2
diabetes. Further, we aimed at identifying Hh target cells
within adipose tissue to unravel an additional mechanism
linking Hh dysregulation in obesity to type 2 diabetes.
Methods
Experimental animals Mice were maintained in the local
animal facility with a 12 h light and dark cycle and with free
access to food and water. For diet-induced obesity, male
wild-type C57BL/6 J mice (from the animal facility at
Leipzig University) were fed a high-fat diet (HFD; 60%
energy from fat; Ssniff-Spezialdiäten; Soest, Germany) for
20 weeks, starting at 6 weeks of age. Control littermates were
kept on a regular chow diet. Group assignment was blinded to
the investigator. In addition, we used a transgene mouse
model expressing a myeloid cell–specific deletion of the
Smo gene, which encodes the hedgehog co-receptor SMO,
generated and characterized by Y. Zavros (Department of
Molecular and Cellular Physiology, University of Cincinnati,
Cincinnati, Ohio, USA) as previously described [22].
Transgenic mice were generated by breeding mice bearing
loxP sites flanking the exon 1 of the Smo gene to mice
expressing a Cre recombinase from the Lysozyme M locus
(LysMCre), resulting in an predominant recombination in
myeloid cells, such as monocytes, macrophages and
granulocytes. For these experiments, littermate controls of
wild-type (Lys-Smo+/+), heterozygous (Lys-Smo+/−) or
knockout animals (Lys-Smo−/−) were also used. HFD-feeding
was performed as described above. Body weight was recorded
weekly. Whole body composition (fat mass and lean mass) was
determined by using EchoMRI700 (EchoMedical Systems,
Houston, USA) on adult chow-fed littermates. Plasma variables
were studied as described before [23]. All experiments were
approved by the local authorities (Landesdirektion Leipzig).
Study participants Subcutaneous (abdomen) and visceral
(omentummajus) fat biopsies were obtained from patients that
underwent abdominal surgery for weight reduction, gastric
banding, abdominal injuries, cholecystectomy or appendectomy
at Leipzig University. Visceral fat area and the relative ratio of
intra-abdominal visceral fat to the subcutaneous fat area using
computed tomography (CT) scans at the level of L4–L5 was
calculated as previously described [24]. In addition, blood and
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serum variables as well as insulin sensitivity were analysed
as described in the electronic supplementary material
(ESM) Methods section. Patients with severe conditions
including generalised inflammation or end stage malignant
diseases were excluded from the study. Clinical characte-
ristics of the Leipzig cohort are given in ESM Table 1. The
numbers of individuals for specific analyses (indicated in
brackets) may deviate from the entire study cohort, because
only complete data sets were included. The study was
approved by the Ethics Committee of the Leipzig
University. All participants gave written informed consent
before taking part in the study.
Gene expression analysis inmice andhumansGene expression
analysis of mouse and human tissues was performed as
described previously [24–26]. Primers for murine genes
are listed in ESM Table 2. Human target and housekeeping
genes were amplified by specific TaqMan primer and probe
assays (DHH, Hs00368306_m1, IHH, Hs00745531_s1;
SHH , Hs00179843_m1; HHAT, Hs00911326_m1,
HPRT1 , Hs01003267_m1; Appl ied Biosys tems,
Darmstadt, Germany). HPRT1 was used as housekeeping
gene.
ELISA of Hh ligands in serum and tissue Mouse samples
were tested for serum and tissue levels of Hh ligands by using
an appropriate ELISA kit for either human or mouse Hh
ligands (Human and mouse IHH; both from Cusabio;
Wuhan, China; catalogue no. CSB-E12007h and
CSB-E16517m; and mouse DHH; EIAab Science; Wuhan,
China; catalogue no. E1016m). For determination of Hh tissue
levels, protein was extracted by RIPA buffer supplemented
with 1% PMSF and 1% protease-inhibitor-cocktail
(Sigma-Aldrich; Taufkirchen, Germany). Protein content
was determined using the BCA protein assay (Pierbo
Science; Bonn, Germany). 5 μg of protein homogenate or
100 μl of sera were applied and measured.
Immunofluorescence and H&E staining Mouse adipose
tissue was fixed in formaldehyde and subsequently cryo-
or paraffin-embedded as described previously [4, 27].
Primary antibodies anti-Patched1, anti-Patched2 (both
1:50; Gene Tex) , and an t i -SMO (1:50; Abcam;
Cambridge, UK), anti-Mac-2 (1:1000; Cedarlane;
Burlington, ON, Canada) and anti-PerilipinA (1:200;
Abcam), were incubated overnight at 4°C followed by
fluorochrome-conjugated secondary antibodies (1:200;
Invi t rogen; Karlsruhe, Germany). Final ly, DAPI
(1:10,000; Sigma-Aldrich; Deisenhofen, Germany) was
used for nuclear counterstaining. Images were taken using
an Olympus BX51 epifluorescence microscope (Olympus;
Hamburg, Germany). For control stainings, primary anti-
bodies were omitted and sections were stained in parallel
as described above. H&E staining of adipose and liver
tissues was performed following standard routines.
Adipocyte size and CLS density were quantified as
described previously [8]. For detection of SMO on human
paraffin sections, the Dako REAL EnVision Detection
System (Dako) was used according to the manufacturer’s
protocol.
Insulin sensitivity and glucose tolerance test Insulin
sensitivity tests or glucose tolerance tests on HFD-fed mice
were performed as described previously [23]. The investigator
was blinded to the genotype.
Live imaging ofmigration of ATMs in living tissue Staining
of ATMs using AlexaFluor647-conjugated isolectin B4 (IB4)
from Griffonia simplicifolia (ThermoFisher Scientific;
Dreieich, Germany) and subsequent live imaging of adipose
tissue explants were performed as described before in detail
[28]. Images were obtained every 15 min and dynamic
parameters of ATMs (5 movies per genotype) were validated
in an unbiased, automated fashion using the Trackmate plugin
from Fiji software 2.0 [29].
Cultivation of adipose tissue explants and drug treatment
Epididymal adipose tissue of adult male mice was used to
generate organotypic adipose tissue cultures (explants).
Briefly, mice were killed, the fat pad was dissected under
sterile conditions and further cut into 1 mm3 pieces using a
sterile razor blade. Explants were cultured for 24 h in
RPMI medium (Sigma-Aldrich) supplemented with 1%
insulin–transferrin–selenium mixture and antibiotics
(100 U/ml penicillin and streptomycin; all reagents from
Sigma-Aldrich) at 5% CO2, 21% O2 and 37°C. Drug
treatment was performed for 24 h with either 1 mmol/l
metformin, 10 μmol/l atorvastatin or 10 μmol/l simvastatin
(all Sigma-Aldrich). Activation of simvastatin was performed
as previously described [30].
Isolation and cultivation of primary hepatocytes and RNA
interference Isolation and cultivation of primary hepatocytes
was performed as previously described [26]. Details of this
procedure as well as of knockdown of Hhat by RNA
interference are given in the ESM Methods section.
Statistical analysis Data are presented as means±SEM of at
least three animals evaluated by the Student–Newman–Keuls
method for multiple comparisons, the Student’s t test or
Mann–Whitney U test (GraphPad Prism; GraphPad
Software, La Jolla, CA, USA). For the RNA interference
experiments, a paired Student’s t test was used. Linear
regression was confirmed using GraphPad software for
human data and correlation analyses were performed
according to Pearson. All data were checked for statistical
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outliers using the Grubbs’ test. A p value <0.05 was
considered to be statistically significant.
Results
Hh ligands are increased in mouse obesity To unravel the
functional importance of Hh ligands in obesity, we first
studied the expression profile of the three known Hh ligands.
In mouse adipose tissue, Dhh and Ihh were expressed
(Fig. 1a, b), whereas Shh mRNA was not detectable in
epididymal or subcutaneous adipose tissue (Fig. 1a, b and
ESM Fig. 1). In epididymal adipose tissue, we were unable
to detect differential expression of Hh ligands between lean
and obese littermates, but in subcutaneous adipose tissue Dhh
mRNAwas increased by twofold in obese mice (Fig. 1b). We
performed ELISA analysis from tissue extracts for exact
quantification of Hh tissue abundance in different tissues as
well as in the serum. Interestingly, adipose tissue and serum
levels of DHH were 15- and 40-fold higher, respectively,
compared with IHH. Of note, both circulating Hh ligands
were significantly more abundant in serum and subcutaneous
adipose tissue of obese mice, compared with lean littermates
(Fig. 1c, d). We further studied the expression of Hhat, which
encodes an enzyme responsible for secretion of Hh ligands
[15, 16]. Indeed, Hhat mRNAwas upregulated in epididymal
and subcutaneous adipose tissue from obese mice by twofold
(Fig. 1e). As proof of principle, we knocked down Hhat by
RNA interference in hepatocytes, which mainly express IHH
[31], and verified that Hh secretion depends on Hhat
expression (ESM Fig 2).
Hedgehog receptors are expressed by ATMs We next
studied the gene expression of Hh signalling components in
Fig. 1 Hh ligands in mouse adipose tissue from chow-fed (white bars)
and HFD-fed (black bars) mice. (a, b) Gene expression data (fold of Ipo8)
for Shh, Ihh and Dhh are presented for epididymal (a; Epi AT; n= 8–9)
and subcutaneous adipose tissue (b; Sc AT; n= 4) from chow-fed and
HFD-fed littermates. (c, d) IHH and DHH abundance in adipose tissue
(n = 4) as well as in sera (n= 8) from chow- and HFD-fed mice tested by
ELISA. (e) Gene expression (relative to Ipo8) of Hhat is presented for
epididymal and subcutaneous adipose tissue from chow- and HFD-fed
littermates. *p< 0.05, **p< 0.01 and **p< 0.001. ND, not detected
Fig. 2 ATMs express Hh receptors in adipose tissue from obese mice.
(a–c) Gene expression data (relative to Actb) for Patched1 (a), Smo (b)
and Gli1 (c) are presented for epididymal (Epi AT) and subcutaneous (Sc
AT) adipose tissue from chow-fed (white bars) and HFD-fed (black bars)
littermates (n = 4–5). (d) Adipose tissue cryo-sections of subcutaneous or
epididymal adipose tissue from HFD-fed mice were stained against Hh
receptors Patched1 and Patched2 as well as the Hh co-receptor SMO.
Single or triple labelling of the macrophage marker Mac-2 (red),
Patched1, Patched2 or SMO (all in green) and DAPI (blue) are presented.
(e) Immunohistochemical detection of SMO in human subcutaneous
adipose tissue sections from lean or obese individuals. CLS are marked
by arrows. Scale bars are 20 (d) or 50 μm (e). *p < 0.05
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adipose tissue from lean and obese mice. Interestingly, as for
Hh ligands, we found a depot-specific regulation for Hh
signalling components at the mRNA level. In epididymal
adipose tissue of obese mice, we found a non-significant
downregulation of these components [17, 32]. However, in
subcutaneous adipose tissue we found a significant increase
of Hh signalling components (Ptch1, Smo andGli1) in obesity
(Fig. 2a–c), as also shown for Hh ligands (Fig. 1b). Using
immunofluorescence we could also detect Hh responsive cells
in subcutaneous and epididymal adipose tissue from obese
mice. Interestingly, the vast majority of Hh receptor
expression (Patched1, Patched2 and SMO) was found in focal
spots of inflammation around dying adipocytes, so-called
CLS. Accordingly, co-staining of the macrophage marker
Mac-2 confirmed the expression of Hh receptors by ATMs
(Fig. 2d; arrows). Further, in human adipose tissue sections
from obese individuals, SMO could also be detected in CLS,
whereas SMO staining was almost absent in adipose tissue
from lean individuals (Fig. 2e). Hence, our data indicate that
ATMs are the preferential target of Hh signalling in adipose
tissue from obese mice and humans.
Deficiency of Hh signalling in myeloid cells impacts on
body weight and glucose metabolism Next, we used a
conditional knockout model to test the effect of impaired Hh
signalling in ATMs in obesity by deletion of the gene
encoding the mandatory Hh co-receptor SMO inmyeloid cells
(Lys-Smo). Lys-Smomice were generated and characterised in
detail by Schumacher et al [22]. Of note, adult Lys-Smo−/−
mice were significantly heavier than adult Lys-Smo+/+.
Heterogeneous Lys-Smo+/− exhibited an intermediate
phenotype. Importantly, increased body weight of chow-fed
Lys- Smo−/−mice was related to a relative increase of fat mass,
rather than lean mass (ESM Fig. 3c, d). In particular, the
weight of epididymal adipose tissue was increased in these
animals (ESM Fig. 3e, f), suggesting visceral adiposity.
However, these alterations did not impact on systemic glucose
tolerance or insulin sensitivity in chow-fed animals (ESM
Fig. 3g, h). After 20 weeks of HFD all genotypes gained
approximately 165% of initial body weight (Table 1), resulting
in a significantly higher body weight of Lys-Smo−/−, compared
with Lys-Smo+/+ (Table 1 and Fig. 3a, b). In line with this,
average adipocyte diameter was increased in subcutaneous
Table 1 Characteristics of Lys-Smo−/−, Lys-Smo+/− and Lys-Smo+/+ mice
Lys-Smo+/+ Lys-Smo+/− Lys-Smo−/−
Pre-diet body weight (g) 23.7 ± 2.6 25.8 ± 2.4 27.6 ± 2.7 *
Body weight (g) after
20 weeks of HFD
39.3 ± 5.0 42.8 ± 5.6 45.8 ± 5.8 *
Body weight gain
(% of initial weight)
166.5 ± 16.0 167.7 ± 26.9 166.8 ± 19.9
Triacylglycerol (mmol/l) 1.10 ± 0.17 1.01± 0.22 1.17± 0.22
Cholesterol (mmol/l) 4.75 ± 0.39 3.75± 0.57 * 4.00 ± 0.64
HDL-cholesterol
(mmol/l)
4.59 ± 0.41 3.54± 0.46 ** 3.66 ± 0.55 **
LDL-cholesterol
(mmol/l)
0.46 ± 0.10 0.25± 0.11 0.35± 0.23
NEFA (mmol/l) 0.49 ± 0.08 0.46± 0.11 0.49± 0.08
Data are presented as means ± SD and were tested for statistical
significance by using one-way ANOVA with a Bonferroni’s post hoc
multiple comparisons test
*p< 0.05 or **p < 0.01 vs Lys-Smo+/+
Fig. 3 SMO deficiency in myeloid cells impact on body weight and
glucose metabolism. (a) Body weight gain of male Lys-Smo−/− (solid
line), Lys-Smo+/− (dashed line) and Lys-Smo+/+ (dotted line) mice
(n = 7–17 in four independent experiments) for the period of 20 weeks
of HFD. (b) Bar graph shows the body weights of each genotype after
20 weeks of HFD. (c, d) Mean adipocyte diameter for adipocytes of
subcutaneous (Sc; c) and epididymal (Epi; d) adipose tissue (n = 4–5).
(e–h) Plasma levels of leptin (e), adiponectin (f), fasting glucose (g) and
insulin (h) (n = 5–12). (i, j) Blood glucose values of Lys-Smo−/− (black
circles) and Lys-Smo+/+ (white circles) mice after intraperitoneal insulin
(0.75 U/kg) (i) or glucose injection (2 g/kg) (j) over time. Bar graph
summarises glucose tolerance test by displaying the AUC of blood
glucose levels (n= 6–10 in four independent experiments). *p< 0.05
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adipose tissue from obese Lys-Smo−/− mice compared with
obese Lys-Smo+/+ mice (Fig. 3c). Importantly, we also found
more hypertrophic adipocytes (diameter >100 μm) in subcuta-
neous and epididymal adipose tissue from obese Lys-Smo−/−
mice (ESM Fig. 4a-c). Serum cholesterol was significantly
decreased in Lys-Smo−/− mice compared with Lys-Smo+/− and
Lys-Smo+/+ mice after HFD as a result of decreased HDL-
cholesterol. Other serum lipids were unchanged among
the groups (Table 1). Further, morphological signs of
hepatosteatosis, such as ballooning of hepatocytes, could be
identified in HFD-fed Lys-Smo−/−, but not in HFD-fed
Lys-Smo+/+ or chow-fed animals (ESM Fig. 4d). In addition,
plasma insulin was also significantly increased in HFD-fed
Lys-Smo−/−mice (Fig. 3h).Most importantly, insulin sensitivity
and glucose tolerance tests were performed and Lys-Smo−/−
animals exhibited impaired glucose tolerance, compared with
Lys-Smo+/+ after HFD (Fig. 3i, j).
Deficiency of Hh signalling in myeloid cells aggravates
adipose tissue inflammation We then studied the impact
of SMO deficiency in myeloid cells on adipose tissue
inflammation. We found a significant increase of CLS in
epididymal adipose tissue of Lys-Smo−/− mice after 20 weeks
of HFD (Fig. 4a, b). Interestingly, gene expression analysis
also revealed changes of inflammatory markers in adipose
tissue of obese Lys-Smo−/− mice. In subcutaneous adipose
tissue, Cd68 was upregulated as a macrophage marker,
whereas in epididymal adipose tissue marker genes of
Fig. 4 SMO deficiency in myeloid cells aggravates adipose tissue
inflammation in obese mice. (a) Representative images of epididymal
adipose tissue from HFD-fed Lys-Smo−/− and Lys-Smo+/+ mice stained
against the adipocyte marker Perilipin-1 (green), the macrophage marker
Mac-2 (red) and DAPI (blue), for nuclear counterstain. CLS are indicated
by arrows. (b) Bar graph depicts CLS density of HFD-fed Lys-Smo−/−
(black bars) and Lys-Smo+/+ (white bars) mice in subcutaneous (Sc AT)
and epididymal (Epi AT) adipose tissue. (c, d) Gene expression relative to
36B4 of marker genes of HFD-fed Lys-Smo−/− (black bars) and
Lys-Smo+/+ (white bars) mice in subcutaneous (c) and epididymal (d)
adipose tissue (n= 6–11). Cd11b, also known as Itgam; Tnfa, also known
as Tnf; Cd206, also known as Mrc1; Fizz1, also known as Retnla; Ym-1,
also known as Chil3. (e) Images of living adipose tissue explants of
Lys-Smo−/− and Lys-Smo+/+. Macrophages and blood vessels are stained
using IB4 and adipocytes are stained with Bodipy. Migration analysis
is presented for IB4 staining of Lys-Smo−/− and Lys-Smo+/+ over 6 h
(videos are available as ESM). (f, g) Diagrams summarise average
macrophage displacement from the starting point (f) and mean migration
velocity (g) (5 movies per genotype of four independent experiments).
Scale bars are 100 μm. *p < 0.05, **p < 0.01 and ***p< 0.001
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anti-inflammatory M2 polarisation were significantly
downregulated (Fig. 4c, d). Further, SMO deficiency in
myeloid cells also impacted on dynamic parameters of
adipose tissue inflammation as indicated by an elevated
migration behaviour of ATMs in obese Lys-Smo−/− mice,
compared with littermate control mice (Fig. 4e–g; ESM
Videos 1 and 2).
Hh ligands are altered in human obesity Next, we studied
paired visceral and subcutaneous adipose tissue samples from
283 humans. As in mice, IHH and DHH were expressed in
visceral and subcutaneous adipose tissue of humans
(Fig. 5a, b), whereas SHHwas not detectable. In line with this,
the expression of SMO could also exclusively be detected by
ATMs in human CLS (Fig. 2e) and DHH expression was
preferentially found in subcutaneous adipose tissue (Fig. 5d).
In contrast to mice, both Hh ligands andHHAT decreased with
increasing BMI, but only the decline of DHH and HHAT
mRNA reached statistical significance (Fig. 5a–c).
Furthermore, in our cohort highly significant negative
correlations of DHH and HHAT with other obesity variables,
such as body weight, waist and hip circumferences,
percentage of body fat and fat area were found (Tables 2
and 4). In contrast, IHH expression did not correlate with the
vast majority of obesity variables (Table 3). According to the
reduction of HHAT mRNA in human obesity, analysis of
human serum samples also revealed a significant reduction
of circulating Hh ligands in morbidly obese compared with
lean and overweight individuals (Fig. 5e). Interestingly,
morbidly obese individuals (BMI >40 kg/m2) with normal
glucose metabolism (HbA1c <6%) exhibited significantly
higher serum levels of IHH, compared with patients with type
2 diabetes (HbA1c >7%; Fig. 5f). In line with this, indicators
for insulin resistance within our cohort (glucose infusion rate
during euglycaemic–hyperinsulinaemic clamp tests, HbA1c,
fasting plasma insulin [FPI] and blood glucose after glucose
challenge) correlated negatively with HHAT expression,
whereas indicators of a metabolically healthy obese
phenotype, such as HDL-cholesterol and adiponectin,
correlated positively with HHAT mRNA (Table 4).
We further hypothesised that the unexpected decrease of
Hh ligands in human obesity and type 2 diabetes could be
related to environmental factors, such as drug intake.
Therefore, we studied the impact of atorvastatin, simvastatin
and metformin on Dhh, Ihh and Hhat mRNA expression in
murine adipose tissue explants; statins and metformin
represent first line treatment of hypercholesterolemia or
type 2 diabetes, respectively [33]. Most interestingly,
metformin decreased Dhh and Ihh expression, without
affecting Hhat or Casp3 (encoding caspase 3) expression
(data not shown), therefore excluding a cell-toxic effect
(Fig. 5g–i).
Fig. 5 Hh ligands and HHAT
expression in human obesity.
(a–c) Gene expression (fold of
HPRT1) of DHH (a) (n= 301),
IHH (b) (n= 630) and HHAT (c)
(n = 218) in human subcutaneous
(Sc) adipose tissue. (d)
Expression of DHH in paired
visceral (Vis) and subcutaneous
adipose tissue (n = 77–79). (e)
Serum IHH of lean and
overweight (BMI < 30 kg/m2;
n= 18) and morbidly obese
humans (BMI >40 kg/m2; n = 35).
(f) Serum IHH level for
metabolically healthy obese
(BMI >40 kg/m2; HbA1c 5–6% or
31.1–42.1 mmol/mol; n= 18) and
obese patients suffering from type
2 diabetes (BMI >40 kg/m2;
HbA1c >7% or >53 mmol/mol;
n= 5). (g–i) Expression analyses
for Dhh (g), Ihh (h) and Hhat (i)
relative to Ipo8 in murine adipose
tissue explants after 24 h of
stimulation with atorvastatin
(10 μmol/l), simvastatin
(10 μmol/l) or metformin





Hh has recently been suggested as a potential drug target
owing to its potential to lower blood glucose and inhibit
adipose tissue development [18, 20]. These studies were
performed using genetic mouse models or pharmacological
approaches to inhibit or stimulate Hh signalling in adipose
tissue, respectively. However, the physiological regulation of
Hh ligands in obesity and type 2 diabetes is ill defined. We
here report that DHH and IHH are the preferential local Hh
ligands in adipose tissue. Further, subcutaneous adipose tissue
is more prone to obesity-associated regulation of the Hh
pathway than visceral adipose tissue. In addition, extracellular
Hh abundance depends on Hhat expression, rather than on
Dhh or Ihh gene expression, as shown by Hhat knockdown
in hepatocytes. HHAT is an enzyme involved in secretion of
Hh ligands [15, 16], and this enzyme is also upregulated in
epididymal adipose tissue from obese mice. In line with this,
Table 2 Correlation analysis of visceral and subcutaneous adipose tis-





Age (years) 0.020; 0.833 0.193; 0.041*
CT ratio 0.354; 0.163 0.661; 0.002**
Weight (kg) 0.041; 0.674 -0.385; <0.0001***
BMI (kg/m2) -0.004; 0.969 -0.392; <0.0001***
WHR -0.373; 0.105 -0.341; 0.120
Waist (cm) -0.262; 0.117 -0.423; 0.007**
Hip (cm) -0.148; 0.522 -0.250; 0.251
Body fat (%) -0.596; 0.090 -0.725; 0.027*
Sc fat area (cm2) -0.519; 0.033* -0.535; 0.018*
Vis fat area (cm2) -0.476; 0.053 -0.250; 0.303
HbA1c (% or mmol/mol) 0.122; 0.380 0.038; 0.785
FPG (mmol/l) 0.017; 0.863 -0.110; 0.258
FPI (pmol/l) -0.458; 0.028* -0.423; 0.040*
2 h OGTT (mmol/l) -0.150; 0.700 -0.137; 0.707
GIR (mg kg−1 min−1) 0.628; 0.012* 0.293; 0.271
Cholesterol (mmol/l) -0.002; 0.984 -0.181; 0.099
HDL-cholesterol (mmol/l) 0.074; 0.590 0.173; 0.195
LDL-cholesterol (mmol/l) 0.012; 0.930 -0.256; 0.048*
Triacylglycerol (mmol/l) 0.072; 0.513 -0.202; 0.060
NEFA (mmol/l) -0.831; <0.0001*** -0.377; 0.063
Leptin (pg/ml) -0.726; 0.001** -0.557; 0.016*
Adiponectin (μg/ml) 0.499; 0.049* 0.340; 0.167
CRP (nmol/l) 0.051; 0.609 -0.251; 0.009**
IL-6 (pg/ml) -0.352; 0.182 -0.413; 0.089
FT3 (pmol/l) 0.132; 0.409 -0.045; 0.772
Creatinine (μmol/l) 0.143; 0.151 -0.243; 0.012*
ALT (μkat/l) -0.154; 0.111 -0.211; 0.026*
AST (μkat/l) 0.016; 0.880 -0.189; 0.068
GGT (μkat/l) -0.094; 0.343 -0.246; 0.011*
All data were log transformed (log10) and data are shown as correlation
coefficient (r) and p value (p). *p < 0.05, **p < 0.01, ***p< 0.001
Intercorrelation between Vis DHH and Sc DHH mRNA: r = 0.094;
p= 0.110
After adjustment for BMI, age and sex all correlations are gone
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP,
C-reactive protein; FPG, free plasma glucose; FPI, free plasma insulin;
FT3, free triiodothyronine; GGT, γ-glutamyltransferase; GIR, glucose
infusion rate; Sc, subcutaneous; Vis, visceral
Table 3 Correlation analysis of visceral and subcutaneous adipose tis-





Age (years) 0.036; 0.485 0.052; 0.290
CT ratio 0.039; 0.699 -0.010; 0.920
Weight (kg) -0.039; 0.452 0.002; 0.972
BMI (kg/m2) -0.035; 0.469 0.010; 0.846
WHR 0.164; 0.088 0.158; 0.092
Waist (cm) -0.022; 0.790 0.019; 0.804
Hip (cm) -0.144; 0.940 -0.007; 0.940
Body fat (%) -0.216; 0.047* -0.085;0.158
Sc fat area (cm2) 0.038; 0.708 0.150; 0.129
Vis fat area (cm2) 0.092; 0.369 0.210; 0.033*
HbA1c (% or mmol/mol) 0.029; 0.676 -0.035; 0.598
FPG (mmol/l) -0.033; 0.530 -0.034; 0.498
FPI (pmol/l) -0.035; 0.697 -0.014; 0.875
2 h OGTT (mmol/l) 0.022; 0.868 0.086; 0.491
GIR (mg kg−1 min−1) -0.285; 0.032* -0.135; 0.344
Cholesterol (mmol/l) -0.005; 0.939 -0.018; 0.776
HDL-cholesterol (mmol/l) -0.023; 0.760 -0.007; 0.920
LDL-cholesterol (mmol/l) 0.051; 0.509 0.037; 0.620
Triacylglycerol (mmol/l) -0.007; 0.912 -0.035; 0.560
NEFA (mmol/l) -0.127; 0.219 -0.009; 0.931
Leptin (pg/ml) -0.151; 0124 0.020; 0.838
Adiponectin (μg/ml) -0.018; 0.858 0.014; 0.887
CRP (nmol/l) 0.076; 0.148 0.122; 0.015*
IL-6 (pg/ml) -0.239; 0.035* 0.025; 0.826
FT3 (pmol/l) 0.152; 0.102 -0.048; 0.601
Creatinine (μmol/l) 0.082; 0.118 0.198; 0.0001***
ALT (μkat/l) -0.088; 0.097 -0.109; 0.031
AST (μkat/l) -0.048; 0.386 -0.027; 0.601
GGT (μkat/l) -0.046; 0.389 -0.039; 0.448
All data were log transformed (log10) and data are shown as correlation
coefficient (r) and p value (p). *p < 0.05, ***p < 0.001
Intercorrelation between Vis IHH and Sc IHH mRNA: r = 0.433;
p< 0.001
After adjustment for BMI, age and sex all correlations are gone
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP,
C-reactive protein; FPG, free plasma glucose; FPI, free plasma insulin;
FT3, free triiodothyronine; GGT, γ-glutamyltransferase; GIR, glucose
infusion rate; Sc, subcutaneous; Vis, visceral
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IHH serum abundance also increased in obesity, without
detectable regulation on mRNA level in either depot.
Next, we studied the expression of Hh receptors in adipose
tissue by immunofluorescence to identify potential target cells
of Hh signalling. Although visceral adipocytes and
macrophages downregulate Hh signalling components in
obesity [32], ATMs were the only cell type with detectable
Hh receptor expression in adipose tissue from obese mice and,
therefore, represent Hh target cells in adipose tissue from
obese mice. Similarly, Todoric et al have previously reported
preferential expression of Hh signalling components by
macrophages in adipose tissue [32].
Therefore, we used a conditional knockout model of SMO
deficiency in myeloid cells using LysMCre driven
recombination (Lys-Smo−/−) to study the impact of Hh
signalling on obesity-associated adipose tissue inflammation.
Importantly, ectopic activity of the Cre recombinase in
approximately 10% of brain neurons was described in this
model [34]. However, unaffected food intake in Lys-Smo−/−
mice and macrophage-specific alterations ex vivo suggest a
predominate effect of SMO deficiency in myeloid cells.
Of note, Lys-Smo−/− mice exhibited a higher body weight
compared with control. Detailed analysis could confirm
preferential visceral fat accumulation in chow-fed Lys-Smo−/−
mice, without affecting systemic glucose metabolism. After
feeding these mice an HFD, the higher body weight of Lys-
Smo−/− mice was even more pronounced. Importantly, macro-
phages are crucial for adipocyte differentiation and adipose
tissue development in vivo [35–37], a mechanism that might
explain our findings. Further, obese Lys-Smo−/− mice suffered
from an aggravated metabolic dysfunction, as shown by im-
paired glucose tolerance and decreased HDL-cholesterol. This
metabolic dysfunction is most likely to be due to aggravated
adipose tissue inflammation, characterised by an increase in
CLS and an enhanced migratory velocity. Of note, an increase
in ATM migration correlates with adipose tissue inflammation
[38]. However, in contrast to other anti-inflammatory markers,
Il-13was elevated in epididymal adipose tissue; Il-13 is usually
increased in adipose tissue from obese mice [39, 40] and might
be responsible for obesity-associated ATM proliferation
(unpublished data).
Next, we aimed at extending our knowledge on expression
and regulation of Hh ligands in obesity to human tissue. First,
we found that in human adipose tissue DHH and IHH were
also expressed, whereas we were unable to detect SHH.
Notably, in sharp contrast tomice,DHH, IHH andHHATwere
downregulated with increasing BMI. This was also verified at
the protein level for circulating IHH. IHH was significantly
decreased in serum from obese and diabetic participants,
potentially due to a decrease in HHAT expression in human
obesity. Importantly, HHAT upregulation is the best correlate
of metabolic recovery after bariatric surgery in humans [41].
However, the reason for the contrary regulation of Hh
ligands in mouse and human obesity is unknown. In general,
the physiological regulation of Hh ligands is poorly
understood. Notably, cholesterol represents an essential
component of post-translational modification of Hh [42] and
pharmacological inhibition of cholesterol biosynthesis
decreases Hh expression [43]. Further, the glucose-lowering
drugmetformin also impacts onHh expression [44, 45]. In our
study, statin treatment did not alter Hh expression, but
metformin significantly reduces Dhh and Ihh expression in
Table 4 Correlation analysis of visceral and subcutaneous adipose tis-





Age (years) 0.110; 0.108 0.166; 0.014*
CT ratio 0.109; 0.140 0.141; 0.056
Weight (kg) -0.053;0.440 -0.253; <0.001***
BMI (kg/cm2) -0.077; 0.256 -0.278; <0.001***
WHR 0.038; 0.576 -0.083; 0.222
Waist (cm) -0.047; 0.492 -0.254; <0.001***
Hip (cm) -0.073; 0.283 -0.254; <0.001***
Body fat (%) -0.054; 0.522 -0.364; <0.001***
Sc fat area (cm2) -0.310; <0.001*** -0.167; 0.024*
Vis fat area (cm2) -0.341; <0.001*** -0.167; 0.023*
HbA1c (% or mmol/mol) -0.007; 0.919 -0.213; 0.002
**
FPG (mmol/l) 0.016; 0.816 -0.052; 0.446
FPI (pmol/l) -0.065; 0.403 -0.159; 0.041*
2 h OGTT (mmol/l) -0.146; 0.175 -0.222; 0.041*
GIR (mg kg−1 min−1) 0.208; 0.045* 0.291; 0.005**
Cholesterol (mmol/l) 0.034; 0.707 0.087; 0.326
HDL-cholesterol (mmol/l) 0.103; 0.259 0.256; 0.004**
LDL-cholesterol (mmol/l) -0.032; 0.740 0.009; 0.922
Triacylglycerol (mmol/l) 0.017; 0.842 -0.080; 0.357
NEFA (mmol/l) -0.064; 0.434 -0.149; 0.067
Leptin (pg/ml) -0.062; 0.444 -0.308; <0.001***
Adiponectin (μg/ml) 0.169; 0.033* 0.231; 0.003**
CRP (nmol/l) 0.160; 0.025* 0.085; 0.235
IL-6 (pg/ml) -0.048; 0.550 -0.177; 0.142
FT3 (pmol/l) -0.252; 0.019* -0.149; 0.174
Creatinine (μmol/l) 0.148; 0.037* 0.148; 0.036*
ALT (μkat/l) 0.074; 0.339 -0.101; 0.186
AST (μkat/l) 0.181; 0.018* 0.072; 0.349
GGT (μkat/l) 0.027; 0.741 0.105; 0.185
All data were log transformed (log10) and data are shown as correlation
coefficient (r) and p value (p). *p < 0.05, **p < 0.01, ***p< 0.001
Intercorrelation between Vis HHAT and Sc HHAT mRNA: r = 0.467;
p< 0.0001
After adjustment for BMI, age and sex all correlations are gone
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP,
C-reactive protein; FPG, free plasma glucose; FPI, free plasma insulin;
FT3, free triiodothyronine; GGT, γ-glutamyltransferase; GIR, glucose
infusion rate; Sc, subcutaneous; Vis, visceral
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adipose tissue explants. Since the vast majority of our diabetes
patients regularly take metformin, metformin could counteract
a diabetes-induced upregulation of Hh ligands. In addition,
intrinsic differential relationships between the expression of
specific genes in adipose tissue from mice or humans were
reported in systematic comparisons of developmental genes
[46]. Therefore, we cannot exclude intrinsic differences
between humans and mice in the regulation of Hh expression.
To address this hypothesis, further human studies including
pharmacotherapy-naive individuals are required.
We here show that inhibition of Hh signalling in myeloid
cells increases body weight, aggravates adipose tissue
inflammation and impairs glucose metabolism in mice.
Therefore, a decrease in local and circulating Hh ligands
within adipose tissue from obese patients could contribute to
metabolic dysfunction and may represent a novel target to
treat adipose tissue dysfunction and type 2 diabetes.
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ESM Methods 
Measurement of body fat content
Body mass index (BMI) was calculated as weight divided by squared height. Hip 
circumference was measured over the buttocks; waist circumference was measured at the 
midpoint between the lower ribs and iliac crest.  Percentage body fat was measured by 
bioimpedance analyses or dual X-ray absorptiometry (DEXA). In addition, abdominal 
visceral and subcutaneous fat areas were calculated using computed tomography (CT) or MRI 
scans at the level of L4–L5 as previously described [1]. 
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Oral glucose tolerance test (OGTT) and euglycemic-hyperinsulinemic clamp 
Three days before the OGTT, patients documented a high-carbohydrate diet in diet protocols. 
The OGTT was performed after an overnight fast with 75 g standardised glucose solution 
(Glucodex Solution 75 g; Merieux, Montreal, Canada). Venous blood samples were taken at 
0, 60, and 120 min for measurements of plasma glucose concentrations. Insulin sensitivity 
was assessed with the euglycemic-hyperinsulinemic clamp method using a previously 
described protocol [2]. Glucose infusion rate (GIR) was calculated from the last 45 min of the 
clamp, in which glucose infusion rate could be kept constant in order to achieve the target 
plasma glucose concentration of 5.5 (r 5%) mmol/L. Therefore, the duration of the clamp 
varied between individuals (range 120–200 min). In premenopausal women, clamp studies 
were performed during the luteal phase of the menstrual cycle. 
Analyses of blood samples 
All baseline blood samples were collected between 8 and 10 am after an overnight fast. 
Plasma insulin was measured with an enzyme immunometric assay for the IMMULITE 
automated analyser (Diagnostic Products Corporation, Los Angeles, CA, USA). Serum high-
sensitive CRP was measured by immunonephelometry (Dade-Behring; Milan, Italy). Serum 
concentrations of free triiodothyronine (fT3), creatinine, ALT, AST, and GGT were analysed 
in the COBAS automated analyser (COBAS Roche; Mannheim, Germany). Serum total- 
HDL-, LDL-cholesterol, triglycerides, free fatty acids, total adiponectin (ELISA; Linco, St. 
Charles, MO, USA), leptin, interleukin-6 (IL-6) were measured as previously described [3]. 
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Isolation and cultivation of primary hepatocytes and RNA interference 
Primary hepatocytes were isolated from male C57BL/6 mice using collagenase perfusion of 
the liver, as previously described [4]. After 4 h, cells were transfected with the Hhat siRNA or 
the respective nonsense oligo control siRNA (10 nmol/l or 100 nmol/l; MSS213198; 
ThermoFisher Scientific; Dreieich, Germany) with INTERFERin® (VWR; Germany) 
according to the manufacturer’s instructions. 48 h after transfection, supernatant and cells 
were collected and used for IHH ELISA and qPCR, respectively. 
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ESM Table 1 Clinical characteristics of the Leipzig cohort (N=462)
Data are means ± SD, statistically significant at * < 0.05, ** < 0.01 or *** < 0.001 p value 
level. 
* lean vs. healthy obese
† lean vs. obese + type 2 diabetes (T2D)
‡ healthy obese  vs. obese + type 2 diabetes (T2D)
FPG, free plasma glucose; FPI, free plasma insulin; GIR, glucose infusion rate; Sc,





obese + T2D 
 (N=211) 
(N=154)
Age (years) 61 ± 19 45 ± 13 50 ± 11***;†††;‡‡‡ 
Vis fat area (cm ) 32 ± 11 204 ± 184 409 ± 152 *; ††† 
Sc fat area (cm ) 38 ± 17 855 ± 723 1355 ± 830 *; †† 
CT ratio 1.1 ± 0.9 0.32 ± 0.25 0.37 ± 0.16 * 
Weight (kg) 63 ± 9 134 ± 37 144 ± 30 ***;†††;‡‡ 
BMI (kg/cm ) 22 ± 2 46 ± 11 50 ± 9 ***;†††;‡‡‡ 
WHR 0.9 ± 0.2 1.2 ± 0.2 1.2 ± 0.5 * 
Waist (cm) 79 ± 7 138 ± 20 141 ± 19 **; ††† 
Hip (cm) 90 ± 12 108 ± 24 118 ± 25 ††† 
Body fat (%) n.a. 47 ± 7 47 ± 7 
HbA1c (%) 4.9 ± 0.5 5.5 ± 0.6 7.0 ± 1.9 **; †††; ‡‡‡ 
HbA1c (mmol/mol) 30.1 36.6 53.0 **; †††; ‡‡‡ 
FPG (mmol/l) 5.3 ± 0.9 5.5 ± 1.07 7.9 ± 3.4 †††; ‡‡‡ 
FPI (pmol/l) 5 ± 3 141 ± 100 203 ± 184 **; † 
2 h OGTT (mmol/l) 5.9 ± 0.7 6.0 ± 1.2 n.a.
GIR (mg kg−1 min−1) 108.8 ± 14.7 78.5 ± 27.9 23.3 ± 3.8 *; †††; ‡‡ 
Cholesterol (mmol/l) 4.8 ± 0.7 5.0 ± 1.0 5.1 ± 1.2 
HDL-cholesterol (mmol/l) 2.1 ± 0.4 1.2 ± 0.5 1.2 ± 0.3 ***; ††† 
LDL-cholesterol (mmol/l) 2.3 ± 1.1 3.1 ± 0.8 3.1 ± 0.9 *; # 
Triacylglycerol (mmol/l) 1.01 ± 0.35 1.63 ± 1.02 2.16 ± 1.04 ††; ‡‡‡ 
NEFA (mmol/l) 0.1 ± 0.06 0.4 ± 0.39 0.9 ± 0.22 †††; ‡‡ 
Leptin (pg/ml) 5.8 ± 3.4 45.2 ± 20.3 42.6 ± 28.6 ***; † 
Adiponectin (µg/ml) 18.3 ± 6.7 7.2 ± 4.2 4.2 ± 3.7 ***; ††† 
IL-6 (pg/ml) 0.79 ± 0.62 5.36 ± 2.79 4.60 ± 4.77 ** 
Data are means ± SD, 
statistically significant 
at * < 0.05, ** < 0.01 
or *** < 0.001 p-value
level.
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ESM Table 2 Primer sequences 5’-3’ used for quantitative real-time RT-PCR analysis 
of mouse tissue
Gene Forward sequence Reverse sequence 
36B4 AAGCGCGTCCTGGCATTGTCT CCGCAGGGGCAGCAGTGGT 
Actb CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA 
Casp3 AGCTTGGAACGGTACGCTAA GAGTCCACTGACTTGCTCCC 
Cd11b CCCCACACTAGCATCAAGGG GAGGCAAGGGACACACTGAC 
CD206 GTCAGAACAGACTGCGTGGA AGGGATCGCCTGTTTTCCAG 
Cd68 TGGCGCAGAATTCATCTCTTC GGTCAAGGTGAACAGCTGGAG 
Dhh AGTTTGTGCCCAGTATGCCC CGCTCTTTGCAACGCTCTG 
Fizz1 TTTCCTGAGATTCTGCCCCAG CAACGAGTAAGCACAGGCAGTT 
Hhat GGGTTTCCACTTCCGCTCTT GTCGGGTCCTTCTTCAGTCC 
Hprt1 ATCAGTCAACGGGGGACATA TGGCCTGTATCCAACACTTCG 
Ihh CCTCAGACCGTGACCGAAAT GCCGAATGCTCAGACTTGACA 
Il-13 TGTGTCTCTCCCTCTGACCC AGGGGAGTCTGGTCTTGTGT 
Il-4 CAGCAACGAAGAACACCACAG AAGCCCGAAAGAGTCTCTGC 
Il4ra GAGGGACCTGGCTTCTGATT CCTTGATGCTCCCAGATCCA 
Il-6 AGCCAGAGTCCTTCAGA GGTCCTTAGCCACTCCT 
Ifng GAGCTCATTGAATGCTTGGC GCGTCATTGAATCACACCTG 
Ipo8 ACAAGCTCTGCTGACTGTGC CAGTGTCCTTCGGTGCTCTG 
MCP-1 GCCCCACTCACCTGCTGCTACT CCTGCTGCTGGTGATCCTCTTGT 
Ptch1 CCTCCTTTACGGTGGACAAAC ATCAACTCCTCCTGCCAATG 
Ptch2 CTTCTCCCACAAGTTCATGC CGATGTCATTGTTCTGGTAGTCG 
Shh CACCCCCAATTACAACCCCG CTTGTCTTTGCACCTCTGAGTC 
Smo GCAAGCTCGTGCTCTGGT GGGCATGTAGACAGCACACA 
TNF-a GTCCCCAAAGGGATGAGAAGT GCTCCTCCACTTGGTGGTTT 
Ucp1 TCTGCATGGGATCAAACCCC ACAGTAAATGGCAGGGGACG 
Ym1 GGGCATACCTTTATCCTGAG CCACTGAAGTCATCCATGTC 
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ESM Figure 1 
ESM Fig. 1  Hh ligand expression in mouse adipose tissue 
Agarose gel electrophoresis shows PCR amplification products of Ihh (124 bp), Shh (88 bp) 
and Dhh (178 bp) in adipose tissue (AT) from chow- and HFD-fed littermates. Shh mRNA is 
not expressed in adipose tissue. Brain samples used as positive controls. No template control 
(NTC) is presented. 
ESM Figure 2 
ESM Fig. 2  Knockdown of Hhat decreases IHH secretion 
(a, c) Expression analysis (relative to Actb) of Hhat (a) or Ihh (c) following Hhat knockdown 
using 1 nmol/l or 100 nmol/l siRNA in murine hepatocytes. (b) Secretion of IHH into the 
culture media following Hhat knockdown (n=7 in 3 independent experiments). *p<0.05 and 
**p<0.01 
56
ESM Figure 3 
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ESM Fig. 3  Metabolic characterization of chow-fed Lys-Smo−/− and Lys-Smo+/+
Foot intake (a), liver weight (b), lean mass (c), fat mass (d), weight of subcutaneous adipose 
tissue (sc AT) (e) and epididymal adipose tissue (epi AT) (f) of chow-fed Lys-Smo−/− and
Lys-Smo+/+ littermates (n=7-13). (g, h) Blood glucose values of chow-fed Lys-Smo−/− (black
circles) and Lys-Smo+/+ (white circles) mice after intraperitoneal insulin (0.75 U/kg) (g) or
glucose injection (2 g/kg) (h) over time. *p<0.05 
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ESM Figure 4 
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ESM Fig. 4  Histological characterization of chow- and HFD-fed Lys-Smo−/− and Lys-
Smo+/+
(a) Representative images of H&E-stained adipose tissue sections from subcutaneous (sc AT)
and epididymal adipose tissue (epi AT) from chow- and HFD-fed Lys-Smo-/- and Lys-Smo+/+.
(b, c) Detailed analysis of adipocyte diameter distribution in subcutaneous (b) and epididymal 
(c) adipose tissue from chow- (squares) and HFD-fed (circles) Lys-Smo−/− (black) and Lys-
Smo+/+ mice (white). Data are presented as means ± SEM. (d) Representative images of
H&E-stained liver sections from chow- and HFD-fed Lys-Smo-/- and Lys-Smo+/+. Scale bars
represent 100 µm. *p<0.05
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Adipositas ist assoziiert mit einer Vielzahl krankhafter metabolischer Veränderungen. 
Diese können neben Herz-Kreislauf-Erkrankungen, Schlaganfall und Krebs u.a. auch zu 
Diabetes mellitus Typ 2 führen. Global gesehen sterben immer mehr Menschen an den Folgen 
von Adipositas. Aus diesem Grund wird es zunehmend wichtiger, die Physiologie des 
Fettgewebes sowie die pathologischen Prozesse, die zur Adipositas- und Diabetesentwicklung 
beitragen, besser zu verstehen und adäquate Therapien zu entwickeln. 
Die Fettleibigkeit geht mit der Entwicklung einer chronischen Entzündung des 
Fettgewebes einher. Diese äußert sich durch die Erhöhung der Anzahl an Immunzellen in 
viszeralen weißen Fettdepots sowie dem Anstieg pro-inflammatorischer Zytokine. Die 
entzündungsfördernden Stoffe werden sowohl von Adipozyten als auch von Immunzellen 
sezerniert und beeinflussen metabolische Vorgänge im Fettgewebe selbst sowie in peripheren 
Organen. Eine besondere Rolle während der Fettgewebeentzündung nehmen die 
Makrophagen ein. Diese umgeben Fettzellen, die wahrscheinlich durch Hypertrophie und 
zellulären Stress zugrunde gehen und bilden dadurch sogenannte Crown-like Structures 
(CLS), die typischerweise im entzündeten Fettgewebe vorzufinden sind. Der Anstieg an 
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Makrophagen innerhalb der CLS entsteht durch die Rekrutierung und Migration von 
Monozyten ins Gewebe sowie durch die Proliferation von lokalen Makrophagenpopulationen. 
Dabei vermuten wir, dass die Selbsterneuerung alternativ aktivierter Makrophagen in CLS 
durchaus einen positiven Einfluss auf die sich entwickelnde Fettgewebeentzündung hat. Dies 
ist begründet in der Eigenschaft des sogenannten tissue clearing und der Aufrechterhaltung 
der Gewebehomöostase durch alternativ aktivierte Makrophagen. Somit nehmen wir an, dass 
M2-Makrophagen fähig sind, durch Adipozytensterben freiwerdende Lipide aufzunehmen 
und folglich dem pro-inflammatorischen Mikromillieu teilweise entgegenzuwirken. Daraus 
ergab sich für die vorliegende Arbeit die Untersuchung potentieller Proliferationsstimuli, die 
diesen ohnehin vorhandenen positiven Effekt weiterhin verstärken könnten. Hierfür wurden 
verschiedene Zytokine auf ihre Fähigkeit der Proliferationsregulation in 
Fettgewebeorgankulturen ex vivo getestet. Wir konnten unter Nutzung von BrdU-Assays und 
Durchflusszytometrie beweisen, dass anti-inflammatorische Zytokine, wie GM-CSF, IL-4 und 
IL-13 in der Lage sind, neben der alternativen Aktivierung von Makrophagen die Rate der 
lokalen Proliferation zu erhöhen. Des Weiteren konnte gezeigt werden, dass pro-
inflammatorische Stimuli, wie TNF-α und LPS, die Proliferation hemmen und zeitgleich zur 
klassischen Aktivierung der Makrophagen führen. Diese Ergebnisse konnten zusätzlich durch 
die Expression des Proliferationsmarkers Ki67 verifiziert werden. Interessanterweise zeigte 
sich zudem nach 96 h IL-4- oder IL-13-Stimulation ein messbarer Anstieg an 
Fettgewebemakrophagen. Mit Hilfe der quantitativen Real-Time Polymerase Chain Reaction 
(qRT-PCR) konnten außerdem Il13 und Il6 als potentielle endogene Proliferationsstimuli auf 
mRNA-Ebene bestimmt werden. Weiterhin ist die Expression des Il4ra in adipösen Mäusen 
deutlich erhöht, während sich die Expression seines vornehmlichen Liganden Il4 verringert 
zeigt. Außerdem konnte gezeigt werden, dass das in Adipositas bisher kontrovers diskutierte 
IL-6 die lokale Makrophagenproliferation reguliert und die IL-4 stimulierte Selbsterneuerung 
und alternative Aktivierung begünstigt. Dies geht mit den Ergebnissen einer aktuellen Studie 
einher, die eine verbesserte Insulinsensitivität mit der IL-6 bedingten Erhöhung des IL-4Rα in 
Verbindung bringt (Mauer et al. 2014). Eine Beteiligung von IL-13, das neben IL-4 ebenfalls 
als Ligand des IL-4Rα in Frage kommt, konnte in unserer Studie nicht direkt nachgewiesen 
werden. 
Die Vermutung für ein Vorkommen funktionell verschiedenartiger 
Makrophagensubtypen konnte außerdem mit der von uns etablierten Langzeit-
Lebendmikroskopie unterstützt werden. Diese Methode bietet die Möglichkeit, die für eine 
Fettgewebeentzündung typischen CLS bis zu 7 Tage unter Aufrechterhaltung der 
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Morphologie in Fettgewebeexplantaten zu studieren. Hierfür eignen sich besonders CSF1R-
eGFP-Reportermäuse, die grünfluoreszierendes Protein (GFP) spezifisch in myeloiden Zellen 
exprimieren. Während der Beobachtung lebender Makrophagen konnten dabei verschiedene 
Migrationsverhalten innerhalb der CLS beobachtet werden, die uns funktionelle Unterschiede 
der Makrophagenpopulationen vermuten lassen. Weiterhin konnte durch die zusätzliche 
Verwendung eines Lipidfarbstoffes auch die Existenz von lipidgeladenen Makrophagen 
innerhalb der CLS nachgewiesen werden. 
Ein weiterer Teil dieser Arbeit war die Identifizierung der Rolle myeloider Zellen und 
somit auch Fettgewebemakrophagen bei der Hedgehog-Signaltransduktion. Diese wird nicht 
zuletzt wegen seltenen humanen Erkrankungen, wie dem Bardet-Biedl-Syndrom, der 
Adipositas zugeordnet. Die Wirkung der Signalaktivierung durch die Bindung der Liganden 
Indian Hedgehog (IHH), Sonic Hedgehog (SHH) oder Dessert Hedgehog (DHH) ist jedoch 
umstritten. Man weiß, dass sie zur Inhibition der Adipogenese beitragen und somit die 
Bildung neuer insulinsensitiver Adipozyten durch Modulation des PPARγ-Rezeptors 
unterdrücken. Andere Studien hingegen zeigen eine Verbesserung der Hyperglykämie im 
Zusammenhang mit der Induktion der Signalkaskade in Muskelzellen. Um die bisherigen 
Erkenntnisse in Hinblick auf das Fettgewebe zu erweitern, untersuchten wir Expressionsort 
und -unterschiede der Liganden und Rezeptoren in viszeralen und subkutanen Fettdepots 
dünner und dicker Mäuse. Interessanterweise konnte eine gesteigerte mRNA- und 
Proteinexpression ausschließlich im subkutanen Fettgewebe gefunden werden. Die Daten 
zeigen, dass der vornehmliche Ligand zur Signalaktivierung neben IHH vor allem DHH zu 
sein scheint. SHH hingegen konnte in keinem der Fettgewebedepots nachgewiesen werden. 
Mit Hilfe von immunhistochemischen Färbungen konnten außerdem Makrophagen im 
subkutanen und viszeralen Fettgewebe als Träger der Rezeptoren und somit als Zielzellen der 
Liganden ausgemacht werden. Um den Effekt der Hedgehog-Signalgebung in 
Fettgewebemakrophagen weiter zu untersuchen, wurde eine Mauslinie mit 
myeloidzellspezifischem Defizit des Smoothend-Rezeptors (SMO) herangezogen und 
charakterisiert. Dabei stellten wir fest, dass die Knockout-Tiere ein höheres Körpergewicht 
erreichten, wobei es vor allem zur Expansion des viszeralen Fettgewebes kam. Zudem konnte 
eine gesteigerte Fettgewebeentzündung festgestellt werden, die durch eine Zunahme an CLS 
gekennzeichnet ist. Weiterhin kam es zu einer verschlechterten Glukosetoleranz in den 
Knockout-Tieren, verglichen mit Kontrolltieren. Somit scheint die Aktivierung des Hedgehog-
Signalweges in Fettgewebemakrophagen einen positiven Einfluss auf die Prozesse der 
Adipositas zu haben. Auch aus den untersuchten Fettgewebeproben der Universität Leipzig 
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ergaben sich ähnliche Ergebnisse. So konnte kein SHH detektiert werden und die Liganden 
sind vermehrt im subkutanen Fett zu finden. Mit steigendem Body Mass Index (BMI) zeigte 
sich jedoch eine Abnahme des Expressionsniveaus für IHH und DHH. Wie in murinen ex vivo 
Fettgewebekulturen gezeigt werden konnte, ist dies wahrscheinlich der Metformin-
Behandlung der Patienten geschuldet. Aus diesem Grund sollten unbedingt weitere Studien 
mit Betrachtung pharmakonaiver Patienten hinzugezogen werden. Zusammenfassend kann 
man sagen, dass die Hedgehog-Signalgebung in myeloiden Zellen einen Einfluss auf das 
Körpergewicht, die Fettgewebeentzündung und den Glukosemetabolismus zu haben scheint. 
Die Ergebnisse der vorliegenden Arbeit unterstreichen die enorme Wichtigkeit von 
Fettgewebemakrophagen bei der adipositasassoziierten Entzündung des Fettgewebes. Somit 
zeigt sie neben vielen weiteren aktuellen Studien auf, dass die Modulation der Makrophagen 
im Fettgewebe in Hinblick auf Aktivierungsstatus, Proliferationsrate und Migrationsverhalten 
einen wichtigen regulierenden Faktor darstellt, der zur Entwicklung neuer immunologisch 
basierter Diabetestherapieverfahren genutzt werden kann. 
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